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PREFACE 


The initiation of the Engineering, Science, and Management 
I3efense Training Program, early in 1941, revealed a widespread 
interc^^T in phy.sieal metallurgy" applied to the control of metal- 
lurgical processes and the properties of industrial metals and 
alloys. Large plants with trained men adequate for normal pro- 
duction were forced to expand their technical staffs for increased 
production, and thus faced the problem of training new men for 
specialized control work. Smaller plants that managed to meet 
the requirements of their normal peacetime production without 
trained metallurgists found that government contracts, or sub- 
contracts, wdth definite metal specifications required men with a 
knowledge of the response of metals and alloys to variations in 
chemical composition and to mechanical and thermal treatments. 
Interest generally wa< about equally distributed between non- 
ferrous and ferrous metals although, among the latter, tool steels 
were of far more importance than is represented by their per- 
centage of the total steel production. 

A course covering this field has long been given to engineering 
students at Yale University and w"as well adapted for more gen- 
eral purposes. The ^‘Metals Handbook” of the American 
Society for Metals has been employed as a general reference and 
textbook, which necessarily involved supplementary lectures, 
mimeographed sheets, and photomicrographs. Since correla- 
tion of structures with phase diagrams is essential to an under- 
standing of the basis of physical metallurgy", and since no present 
textbook establishes that fundamental background in a manner 
readily understandable to the neophyTe worker in metallurgy-, it 
was felt that a book in this narrow field w’ould be valuable, 
not only- for defense training courses given to industrial employ-ees, 
but for general engineering students who will use metals and 
should undei^tand the basis for compositions, heat treatments, 
structures, and properties. 

The original mimeographed material w-hich forms the basis of 
this book w^as fii^t w'ritten in 1922 and has been subsequently 
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revised at frequent intervals. Most of the large number of 
photomicrographs were prepared by Dr. D. L. Martin and Dr. 
R. G. Treuting, former graduate students in metallurgy. Many 
of the factual statements in the text were derived from research 
papem by individuals working in this field, but, in view of the 
character of the book, few specific references to the original litera- 
ture have been included. 

R. M. Brick, 
Arthur Phillips. 

Yale Un'ivek&ity, 

Xew Haven% Coxx,, 

September ^ 1942. 
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INTRODUCTION 


... we as individuals differ to a great degree in the depth of under- 
standing that satisfies our intellectual curiosity. A lot depends on what 
we have learned to accept as facts, because of frequent observation, 
without asking ourselves why or without being able, having asked the 
question, to answer -why.^* 

John L. C’hristie. 

PhA'sieal metailurgt’ is concerned with the properties of metals 
and alloys, affected by compo^tion and by mechanical and 
thermal treatments. Although the technological advances 
associated with the development of an ever-increasing number 
of alloys, specifically adapted for industrial usage^ have received 
popular recognition, there is too little appreciation of the scienti- 
fic approach to the problems of metal behavior. 

In the short period of approximately forty years, the metal- 
lurgist, by the accumulation and classification of voluminous 
data, has succeeded in establishing a s;v"stematization of knowl- 
edge which constitutes a science of metals. Certainly, present- 
day developments in physical metallurgy are motivated and 
directed by the systematic studies of the relationships between 
composition, structure, and properti^ of metallic substances. 
However, the status of metallurg\^ is not that of an independent 
science for its fundamental concepts have been derived hy the 
intelligent application of three basic sciences, mz., chemistry, 
physics, and ciA’stallography. 

The detailed and fragmental information acquired during the 
growth of a science generally leads to the adoption and stand- 
ardization of forms and expre^ions for printing the relatively 
few fundamental principles which are derived from an a^mbly 
and interpretation of experimental etddence. In physical 
metallurgy', the most basic expression is that embodied in the line 
drawing called phase, equUihrium or constitutional diagrams. 
Homogeneous parts of a system w'hich are separated from one 
another by definite phy^cal boundaries are often called phases. 
Although metallic pluses, under nonequilibrium conditions, w 
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not neceasarily homogeneous, everj" phase is characterized by a 
distinctive atomic configuration of the material in which there 
ma}' be continuous chemical and physical variations. A dis- 
continuous change in type or spacing of atom packing is neces- 
sarily a ph^se change. Thus, a metal may exist in one or more 
of three forms or phases; as a gas with no atomic bonds, as a 
liquid with loose or easily broken atomic bonds, and as a solid in 
which atomic bonds are strong and a fixed atomic structure exists. 
By u.>iiig extremely high pressures, the ordinary atomic lattice 
or cr\\stal structure of many pure metals may be altered, and 
this by definition constitutes a change in phase. 

A binary' sMoj phase diagram shows for a system of two 
components {e,g., chemically, water and salt, or metallurgically, 
copper and zinc) how changes in temperature of any specific alloy, 
or variations in the relative amounts of the two elements present, 
affect the number or composition of phases. A correlated knowl- 
edge of the eri-stailographic structures of the phases, of their 
preferred locations in the structure, and of their growth habits 
from the liquid or solid state makes it possible to predict in a 
qualitative manner the effect of temperature or concentration 
changes on the number, amount, size, or distribution of phases 
and thus the properties of the alloy. Actually, few industrial 
alloys consist of only two elements, since impurity elements are 
alw’ays pr^nt to some degree in commercial metals. However, 
the common impurities modify the phase diagrams only slightly, 
and mc^t of lie important alloys can be treated as binary. 

The primary purpc^e of this text is to correlate, in a systematic 
manner, the allox^ pln^ diagrams and property data that are 
available in nmny books, with selected photographs of the internal 
alloy structure at appropriate magnifications (enlarged 10 to 
1,(X)0 times). Not only are the aUoy structures obtained under 
equilibrium conditions of extremely slow cooling, as required 
to eonfoim with the phase diagrams, shown and discussed, but 
the more imjmrtant nonequilibrium structures characteristic of 
many industrial alloys are reproduced. These illustrate the 
typie^ departure from a stable state frequently encountered 
when ^]mg <x)nditions are rapid, on the order of or faster than 
thc^ of sand-’^sfcii^ or air-cooling. When an understanding of 
the pham diagrams has been gained, it becomes possible to predict 
^en fte coola^ mte it important and when it is not: Finally, 
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some typical micrographs iliustratiag dMmtire structures have 
been included to demonstrate the usefulness of the ph^ dia- 
grams, correlated ^ith a knowledge of the fundamental principles 
governing structurej, in interpreting alloy failures. The 

scope of the k^ok does not permit discussion of all metal problems 
or difficulties; only those specifically related to internal structures 
are mentioned. 

Illustrative data on physical or mechanical properties have 
been included, in most sections of the book, in tabular rather 
than graphical form. .Although it is easier to grasp the signifi- 
cant trend of proper!}' changes with composition, etc., from 
drawing^, the original data obtained by tests an* always in tabular 
form, and it is believed the student may gain more by taking this 
material and plotting it himself than by studying charts. Ques- 
tions appearing at the end of each section of this book may bc^ 
answered either by reasoning from material included in the text 
or by referring to the ^^IXIetaLs Handbook.’^ 

The effort to focus, attention upon the relationship between 
microstmctures and properties, together with the actual applica- 
tion of phase diagrams in qualitatively predicting these effects, 
has led to a book with well-defined limits within w'hich an attempt 
h^ been made to be reasonably comprehem^ve and complete, 
for student or more general uses. At the same time, to presence 
a compact treatment, it appeared undesirable to attempt either a 
quantitative reproduction of aU the data available on alloy 
properti^ or a detailed discu^ion of important, related manipula- 
tive t^hniques such as toting and temperature measurement. 
The Metals Handbook/^ of the American Society for Metals, 
W'hich contains the most complete compilation of data on metals 
and alloys but is lacking in respect to micrc^truetural effects and 
their eaus^, should be available to anyone wmrking with metals. 
It is employed throughout this text as the stmidard reference 
book. 

For a detailed discu^on of theoiy and pxactiee in the field of 
physical metallurg}% Doan and Mahla^s Physical Metallurgy^' 
or Sachs and Van Horn’s '^Practical Metallurg}^" is recom- 
mend^, or, in the field indicated by its title, Sisco's “Modrai 
Metallurgy for Engineers.” ^‘Modern Uses of Nonferrous 
Metals” (A.LM.E.) d^ribes the development of useful metal 
and Mloy products in a nontechnical, narrative style. Engineers 
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iiiterejsted in metal .-peciiiciitiuas should consult the American 
Society for Te.“>tmg Alateiials (A.S.T.ZvI.) volumes of Tentative 
Starnlards or the Society of Automotive Engineers (S.A.E.) 
‘ySpecifications Handbook/’ Finally, if some understanding of 
the fundamentals of physical metallurgy is obtained from this 
book, men working with metals will be in a position to profit 
from the many technical publications of the American Institute 
of Mining and Metallurgical Engineers (A.LM.E.), the American 
Society' for Metals (A.S.M.)» and, in allied fields, publications 
covering foundry practice, heat treating, etc,, or journals of 
general coverage such as Metah and Alloys. 



STRUCTURE AND PROPERTIES 
OF ALLOYS 


CHAPTER I 

REQinSITE TOOLS OF THE METALLURGIST 

Each section of this book devoted to specific alloy systems is 
subdivided into three parts entitled Phase Diagram, Structures, 
and Properties. An understanding of the material included 
under each of these headings requir€\< a prior knowledge of 
methods of acquiring the significant data by direct or indirect 
measurements and ol^rv'ations. All methods employed to 
obtain data for the construction of phase diagrams, as well as 
the application of these diagrams in heat treatment procedures, 
require accurate measurement of temperature. Structures 
are visually observed, using polished specimens and a reflecting 
type of microscope. Properties are most commonly evaluated 
in terms of strength and hardne^ characteristics. The tech- 
niques used in each of these fundamental fields may influence 
the results obtained. 


PYROMETRY 

Temperatures of from —40 to 400°C. can be measured with 
thermometers ha\ing a liquid which expands in a calibrated 
pyrex glass capillar\' tube. For temperatures below — 40°C. 
or up to about 16(K)^C., the thermoelectric pyrometer is generally 
used. This instrument includes a therimcou'ple^ two wires of 
dissimilar metals or alloys usually welded together at one end 
which is placed at the point where a temperature measurement 
is desired. An instrument for measuring millivoltages is con- 
nected acrc^ the- other ends of the wires. As the temperature 
of the welded end is increased, w’hile that of the ends connected 
to the instrument is held constant, a current tends to flow in 
the wire. The voltage causing the flow’ increases with the 
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temperature of the hot junction. The voltage-temperature 
relationship is thus the basis of measurement of temperature. 
Because the relationship is not linear for the useful operating 
range of the wires emplo^d, tables of voltages vs. temperature 
for each combination of dissimilar uires, or calibration of the 
setup, must te used. Calibration of the original thermocouple 
and instrument and repetition of this at intervals are always 
desirable for the following reasons: 

1. The hot“junction weld may be imperfect and result in low 
voltage readings. 

2. Xo two sets of wire, even from the same source, are neces- 
sarily identical in composition, and slight variations may be 
responsible for voltage differences equivalent to as much as,; 
20X\ 

3- The temperature-voltage relationship of thermocouples 
may change if the wires are contaminated by contact with certain 
gases (partieiiariy carbon monoxide) or by alloying upon contact 
with liquid metals. 

Calibration ma3" be performed by comparison at various 
temperatures with a standardized instrument and coupde, or by 
determining the indicated freezing point of substances with 
known freezing points. Pure metals are customarily used, and 
it is e^ntiai timt the calibrating substance be of the same purity 
as the one w’-hose temperature is known. For example, pure 
copper freezes at 1083°C., but w’-hen melted in air, the liquid 
metal di^olves ox\"gen and the copper-oxygen sAloy may freeze 
at as low' as 1065°C. 

The “Metals Handbook” contains a detailed description of 
thermoelectric pyrometers, the different combinations of ther- 
m<M?ouple wires available, and the tw^o different types of voltage- 
me^^uring instruments commonly employed. There is also a 
<&cu^on of optical and radiation types of pyrometers, used 
chiefly for measuring temperatures above 1000°C. The ther- 
mwsouple ty{^ is by far the most widely used because of its 
relative^ low cc^t, high accuracy' (when properly employed), 
and the fact that its operating range permits it to be used in the 
^ntrol of mmt metallurgical processes. One last word as to its 
proper use de^rv^ particular emphasis; the instrument records 
mAj itoaperature of its “hot junction,” wrhich is not neces- 
^rily the as that of the metal being treated. This difficulty 
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may be avoided by setting the hot junction of the couple in the 
center of the charge, if possible, or by circulating the heating 
medium fgas or liquid) so as to obtain temperature uniformity. 
The wires must be insulate^d from each other to insure that the 
active hot junction h at the welded tip. If a metal or refractory 
tute encloses thf^rniocoiiple to protect it from contamination 
by gases ur ii(iuid iiietals, time necessary for the temperature 
to become equalized inside and outside the protection tube. 
There may be laige differences in the temperature of metal at 
different points in a large furnace, or a large crucible, and for 
uniformity of heating, tests must be made to determine if 
gradients exist and their extent . 

MICROSCOPY (METALLOGRAPHY) 

The word metallography, formerly applied to the entire field of 
physical metallurgy, is now generally restricted to the field of 
microscopic work. The internal structure of metais and alloys 
is revealed hy magnifjdng a polished or a polished and etched” 
surface. The preparation of this surface is of great importance 
since variations in technique may distort or exaggerate essential 
parts of the structure. 

Essentially, poiisMng for structural oteerv^ations requires the 
attainment, or approximation, of a mirrorlike surface by cutting 
away normal irregularities rather than by causing high areas 
to flow into low areas, ^ in buflSng. Flow distorts the surface 
and may lead to entirely erroneous conclusions as to the char- 
acteristics of the structure former concept of “primary” 
and “secondary” troostite or sorbite, page 143). The first 
stg^es of cutting the surface to a plane are usually accomplished 
by grinding with successively finer grades of abrasives cemented 
on paper. The direction of cutting is altered at each change to 
a finer abrasive to facilitate recognition of the stage when coarser 
or deeper scratch^ have been replaced by more shallowr ones 
characteribtic of the finer abr^ive. In Plate I, Fi^. 1, 2, and 3 
show the surfaces of a cast br^, at a magnification of 50 diam- 
eters, after grinding with Nos. 0, 00, and 000 emeiy papers, 
respectively. 

Finer abrasives than No. 0(K)0 cannot be obtained mounted on 
paper, and it is frequently found that even this grade is not too 
uniform, with the result that coarser scratches may be present 
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tliaii those left b.v the Xo. 000 paper. The final approximation 
to a mirror surface must be obtained by other means, usually 
fjy u-e of a rotating wheel covered with a special cloth that is 
t liarged with abrasive particles, carefully sized by levigation in 
water or equivalent methods. Two different wheels may be 
used: first, one with a relatively coarse abrasive; later, a wheel 
ciiarged with a finer particle size. 

It is impossible to learn how^ to prepare a specimen for good 
niieruseopic work by reading a book. Results are ob\iously 
affected by coar.se dust particles in the air settling on fine papers 
or cloth laps, or equivalently, by carrying coarser particles on the 
specimen to the next finer paper or lap. Chemical changes 
may affect some abrasives; e.g., fine magnesium oxide used as 
final polishing abrasive may pick up carbon dioxide from the air 
or w’ater to form coarse particles of magnesium carbonate that 
ruin the surface. The type of cloth is important and, when a 
metallographer finds a t\q>e particularly suited for his work, he 
will be wise to lay in a stock of it. Finally, the pressure used by 
the individual in holding the specimen on the cutting papers, or 
laps, has a considerable influence on the results. Too little 
pressure retards the rate of polishing and leads to pits in the 
final surface. Too much pressure causes local overheating and 
^vere distortion to an appreciable depth. The correct degree 
of pressure varies for different metals, and this can only be learned 
by actual polishing (and for a considerable time, by repolishing 1). 

The method of polishing outlined above was used in the 
preparation of all structures reproduced in this book. It can 
give good results when employed by experienced operators. 
There are other methods w'hich are superior in many respects to 
this one. Lead laps, charged with abrasives, may largely replace 
the abrasive papers with a gain in speed of polishing, flatness 
of the specimen, and preservation of small, brittle inclusions 
in the structure by minimizing the time required on the cloths. 
Practically complete freedom from distortion is possible by 
electmlytically removing the flat striated surface obtained from a 
Xo. (KK) emery paper or ite equivalent. The electrolytic method 
require special equipment and considerable work in developing 
the optimum composition and temperature of the electrolyte, 
cujront denrity, smd voltage. This method is a fairly recent 
development. At pre^nt, its oluef advantage is the absence 
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of any surface di.^tortion. It is, therefore, most valuable in 
polishing soft metals such as pure aluminum and zinc, or metals 
whose structures are particularly subject to alteration by dis- 
tortion, such as stainless stetds. The method also l^eing com- 
mercially employed to replace buffing where the shape* of the 
part makes tliat operation difficult to perform; e.fif.y at inside 
eomei> of reetaiiguiar sections. 

The polished surface must be etched l>efore any details of the 
straetiire become e\ident, unless there are moderately coarse 
sections of the surface whose hardn^s is very different from 
the remainder. If part of the structure Is harder (oxide inclusions 
in metals, pa^ 20), it will not wear away as rapidly as the softer 
matrix and will lx* left standing in relief. If it is softer (graphite 
in cast iron, page 1^), it will wear away to a greater depth than 
the matrix and again be visible by a relief effect. Otherwise, 
the mirrorlike surface shows no structure until a liquid chemical 
that reacts somew'hat with the metal is placed on the surface 
(or the specimen may be heated in air or vacuum in some cases). 
The chemical will differentially attack parts of different chemical 
composition, or reactivity, to reveal the stmctural condition. 
The chemical agent is called an etchant or etching solution. The 
‘‘Metals HandtK)ok’’ gives lists of the many solutions that 
may be used for commercially important metals and alloys, 
together with the specific applications of each. The time or 
depth of etching is determined mainly by the magnification at 
w'hich the structure is to be examined. If it is to be studied by 
the naked eye, or at magnifications of less than 25 diameters 
(macroscopic examination), the specimen is usually etched deeply 
to increase the contrast in appearance of sections attacked at 
different rates. Structures magnified more than 25 diameters 
are called micrographs. If the magnification is in the range of 
50 to 100 diameters, the specimen is usually given a moderately 
deep etch to obtain contrast. Veiy^ fine structures, that must 
be magnified 500 to 1,(X)0 times, w’ould be so roughened by a 
contrast etch, however, that details w'ould be obscured. A rela- 
tively light etch is employed in these cases. 

Plate I, Fig. 4, show’s the structure of a cast a brass, at a 
magnification of 50 diameters (X50), after polkhing on the 
emery paf^rs (Nc^. 0, (K), and 000), as pictured in Figs. 1, 2 and 3, 
polishing on two cloth laps to obtain a mirrorlike surface, and 
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etching. The appearance of the imetched specimen is noi 
reproduced Auce its uniform surface did not reveal any structura 
details. Etching fairly deeply in a mixture of ammonia anc 
hydrogen peroxide has revealed a coherent group of polygona 



Plate I. 

^em, each shaded somewhat differently. The different areas 
are actually identical in composition and structure; each repre- 
sente a cryst^ whc^ axes are at different angles with respect to 
its neighbors and the surface (see page 13). This particular 
etching solution att^ks different crystal faces at a different 
rate and thus tends to outline a specific crystal face. A crystal 
in which the outlined face is parallel to the surface of polish has a 
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maximuni flatness and relatedljj reflectivity for light, which 
causes it to have a bright appearance. If, in a different crystal, 
the outlined face is tilted away from the polished surface, that 
grain has a roughened or saw-tooth-type surface that does not 
fully reflect light to the ol:^rver\s eye. Such crystals will 
appear dark to varpng degrees, depending on the extent of 
eteiiiiig and the actual angle of the outlined faces to the surface. 
Xot ail etching solutions have this effect of “darkening” crystals 
of differing orientations (see, for example, photographs of iron 
in the next section). Incidentally, Fig. 4 shows many striations. 
inclined slightly from the horizontal. These are scratches which 
were covered by flow during the final polishing and were then 
revealed by the etch which removed much of the distorted sur- 
face layer. The identification of the lin^ as scratches is primarily 
based on the fact that they erc^ ciy^stalline grain boundaries 
with no change in direction. 

^Metallurgical microscopes differ only in details from those used 
in other types of scientific work. Light, from an electric bulb 
or a carbon arc, is focused by a lens (objective) on the specimen, 
i-eflected through the same lens, diverted from the original 
path by a prism or reflector, and passed through a second lens 
(ocular) to the observer’s eye or to a photc^raphic plate for 
permanent recording. Williams and Homerberg^ include a 
detailed description of metallurgical microscopes. Assuming 
that the lem^ are of good optical gla^, ground to correct 
eun'atures and corrected for distance and color distortions, the 
chief factor in preparing good photomicrographs is illumination 
with the proper quantity of light, correctly centered with respect 
to the lens system. 


HARDNESS TESTS 

The word hardness cannot be defined except by describing the 
test method, and since methods may vary considerably, hardness 
data obtained by one method cannot be expressed in terms of 
another measuring system, except by u^ of an empirical calibra- 
tion. The hardness concept may signify resistance to cutting or 
abrasion, in which case a file or scratch test is applicable. The 
word may refer to energ\" at^rption, in w^hich event a rebound 
t^t of the scleroscope type will be informative. Usually, 

^ “ Principles of Metallography,” McGraw-Hill, 1939. 
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however, hardnes< h defined as the resistance of a metal to 
deformation. None of the usual test methods or machines 
successfully isolates and evaluates this propert}" alone. 

In the Brinell test, a hardened steel ball is forced b}’’ a known 
load into the metal being tested, the diameter of the impression 
is measured, and, using a formula or tables, converted into an 
empirical number called the Brinell hardness number or BHX. 
The Rockwell test is similar except that steel balls of various 
diameters or a diamond cone (Brale) may be used. The diameter 
of the impression of the cone is not measured; instead, its depth 
is automatically indicated on a dial. In both of these identation 
tests, the results are affected not only by the original resistance 
of the metal to deformation, but by the rate at which thfe 
resistance changes at the \'icinity of the indentor during the 
tests (see deformation hardening, page 32). The results are 
also affected by elastic properties of the metal since the diameter 
or depth of the indentation is measured after the load has been 
released, with an accompanying elastic recovery or slight reversed 
dimensional change. Another variable that should be recog- 
nized is the relative volumes of metal displaced by varying depths 
of indentation of a sphere and a cone. The effect of work harden- 
ing and elastic recovery in the vicinity of the indentor makes it 
diflBcult to convert data obtained by one type of test into figure 
obtainable by a different test. Conversion tables, obtained 
empirically by tests of steels, may not be apphcable for non- 
ferrous metals with different work-hardening and elastic proper- 
ties. Since two different combinations of load and indentor 
may result in different degrees of indentation by the Rockwell 
tost, it is not possible to express hardness data obtained by one 
combination in terms of another, except after tests have estab- 
lished the correlation for the specific metal. 

The empirical or arbitrary nature of the numerical hardness 
data and the limitations to conversion of data from one system 
to another have not prevented these hardness tests from being 
u^ful. The Brinell hardness number, for example, may be 
multiplied by to obtain a fairly good approximation of the 
tensile strength of most carbon steels. The Rockwell test has 
the advantage of ease and rapidity of measurement and a small 
size of indentation, which does not noticeably mar the surface 
or affect the u^fulne^ of the part after testing. Most of the 
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luirdRess data in this book, and in metallurgical literature, are 
expressed in terms of Brinell values (BHX) or Rockwell numbers 
R with another letter d^ignating the load and indentor used; fur 
example, B = KK) kg. and * le-iii. bail, or C = 150 kg. and Brale). 

TENSILE TESTS 

The hardn4^-> le.-! i- the mechanical property m(»asiirement 
most quickly and easily made and is conseciuently the most 
common. Probably next in frequency as an engineering specifica- 
tion is the tensile test where a specimen, machined to a s|)ecific 
i shape, Is subjected to an axial load tending to stretch the bar. 
If the extent of stretch (deformation, elongation, or .strain) is 
measured and correlated with the stress (load jxt unit area), 
the test will give data on the following: 

1. Proportional Limit. — The stress beyond which strain is no 
longer directly proportional to load, or at which a plot of stress 
vs. strain (stress-strain chart) shows the first \isible de\iatioii 
from a straight line. 

2. Elastic Limit. — The maximum stress to which a metal may 
l>e subjected without suffering some permanent or plastic 
deformation. 

dr 

3. Yield Point. — The point on the stress-strain •curce at w'hieh 
deformation starts to progress rapidly with no increase in load, 
or in some cases, a slight diminution in load. 

4. Yield Strength. — By definition; (a) the stress corresponding 
to a total deformation of 0.5 per cent in the ease of copper alloys, 
(b) the stre^ at w’hich the stre^strain curve departs 0.2 per cent 
from the modulus line (see 8) for aluminum alloys, heat treated 
steels, etc., (c) the stress at 0.1 per cent departure from the 
modulus line, in special cases. 

5. Tensile Strength. — This is by custom, not by logic, the 
stre^ obtained by di\iding the maximum load, sustained by the 
specimen before breaking, by the original cross-sectional area. 
It is a difficult test procedure to determine the actual specimen 
area at each increment of stress and particularly at the moment 
of maximum load, although this must be done to obtain the true 
stress values. 

6. Elongation- — The increase in length divided by the original 
gauge length, (Li — L^/La; (Lq = original length, usually 2 in.; 
Li = gauge length measured after fracture). 



iO STRUCTURE AND PROPERTIES OF ALLOYS 

7. Reduction of Area. — The change in area di\ided by the 
original area, ulo Ai)/Aq] (Ao = original area = 0.2 sq. in. 
for a O.oOo-in. diameter rod; Ai == area at point of fracture). 

8. Modulus of Elasticity in Tension (Yotmg’s Modulus). — The 
slope of the straight part of the stress-strain line, expressed in 
the same dimensions as stress (pounds per square inch) since it 
represents stress di-vided by strain. 

In the above definitions, stress refers to the load shown by the 
tc^st machine divided b^^ the original cross-sectional area. Strain 
signifies deformation in terms of a pure number, z.e., the change 
in length (inches) di\dded by the original length (inches). The 
strain, elongation, and reduction in area ratio values are usually 
multiplied by 100, to convert to percentages. Points 1, 2, 3, and 
4 refer to the change from elastic to plastic behavior in metals. 

The true proportional limit (1) can be determined only by using 
precision types of equipment for measuring strain; a sensitivity 
capable of detecting a change in length of one part in 100,000 
may be required, and, at the same time, it is necessary that the 
load be uniform across the entire section being strained (axial 
loading) in order to calculate accurately the true stress at the 
point of strain measurement. With ordinary equipment, the 
measured proportional limit varies decidedly with the scale of 
plotting the sti^s-strain data. The elastic limit, as defined 
by point (2) , can only be determined by loading the specimen to a 
given stress, relie\ing the load to see if the specimen returns to 
its original length, apphdng the load again with a slight incre- 
ment above the pre\’ious value, again unloading to find if any 
f^rmanent deformation occurred, and continuing in this manner 
until that point is reached. A yield point (3) is commonly 
found only in soft steels, and thus the yield strength (4) is most 
frequently encountered in engineering specifications as the 
indicator of elastic strength. Whenever yield strength is men- 
tioned, the means of determination should be specified. 

QUESTIONS 

1. If distortion is encountered upon metallographic polishing with ordi- 
equipment, how may an undistorted surface be obtained (using the 

mme ^uipment)? 

2. What is the maximum hardn^ that may be determined with the 
r^iar BrineU machine? W‘hy? 

3L In what res|:^ts is the Vickers Diamond Pyramid hardness test supe- 
rior to both the Rockwell and Brinell t^ts and why, nevertheless, are the 
kttar m wld^y used industrially? 
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4. kind of thermocouple wires would yon prefer for occasional 

temi^rature measurements (employing a potentiometer to determine inilli- 
voitages- in an oxidizing atmc^phere at *a j 400 to 500“C., (b) 750 to 850®C., 
€■ 1200 to 1300^C.*? If the thermoeonple wf*re in eoniiniions use, or in a 
reducing atmosplierc. would you change the wires for any of the.s«‘ 
applications? 

6. Why do mi^st ten-ile tot .‘'pceinicns hax'e a reduced cross section m the 
gauge length? 

6 . Why is the gauge length important in determining elongation values? 

7. From the following data, plot a stress-strain curce and from this calcu- 


late value?^ 

hsr the tensile te^t specifications 1 and 3 to 8 of page 9. 

Table 1. 

Ijoad, 

Gauge length. 

Load, 

Gauge length, 

lb. 

in. 

lb. 

in. 

0 

2.00000 

17,000 

2.0103 

1,000 

2.00033 

IS 

2.0118 

2 

2.00067 

19 

0.0136 

3 

2.00100 i 

20 

1 2.0156 

4 

i 2.00134 

21 

2.0180 

5 

2.00167 

22 

2.0m 

6 

; 2.00200 

23 

0.0240 

7 

i 2.00234 ^ 

24 ! 

0.0285 

8 

' 2.00270 

25 1 

1 2.038 

9 

i 2.00301 

26 ! 

2.0,56 

10 

2.00340 

27 1 

2,088 

11 

2.00380 

Maximum, 39 

After fracture, 2.820 

12 

2.00425 



13 

2.(X)47 ? 



14 

2.0052 



13.9 

2.0065 

Original diameter 0.505 

15 

2.0079 

Diameter at fracture 0.284 

16 

2.0090 , 
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CHAPTER II 

COMMERCIALLY PURE METALS 


In addition to a knowledge of the requisite tools used in a given 
field of scientific work, it is necessary to acquire a familiarity 
vath the words commonly- employed in that field. Words 
ha\dng special metallurgical meanings ^ill be defined 'when they 
first appear in this text in an effort to introduce gradually the 
special vocabulary of the metallurgist- Words having more 
than one common meaning are al'\^^ays sources of confusion 
and, in these cases, attempts will be made to limit the definition 
of terms, as far as possible, while retaining consistency 'with 
common usage. 


TERMINOLOGY 

A metal may be defined as a chemical element which in the 
solid form exists as a crystal or, in most cases, an aggregation 
of cr\^stals characterized by two distinctive properties: free 
plasticity, or the abilit}" to undergo considerable deformation 
without breaking; and relatively high electrical and thermal 
conductivity. Elements such as carbon, silicon, and boron w^hich 
exhibit some conducti\rity but little or no plasticity are frequently 
called metalloids. A number of elements, including arsenic, 
antimony, and bismuth, are commonly classed as metals, although 
they are markedly deficient in these basic metallic properties in 
comparison with, the metals of industrial importance. 

The chemical processing of metal ores on a commercial scale 
usually produces the metallic elements 'with from less than 0.01 
up to about 2.0 per cent^ of foreign elements present. If the 
foreign elemen-fe are present in amounts residual from the 
refining proc^, they are called impurities. Although impurities 
always affect the properties of the metal to some extent, if the 
magnitude of the effect is small, the metal is commonly designated 
as comtmrcicdl^ pure. On the other hand, a small amount of an 

^ Percentage by wei^t is used throughout the book. 
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element iiuiy lx* added deliberately, in controlled quantities, 
to obtain specific pro|xrty effects, in which case the metal may 
be called commercially pure (e.g., nickel) or considered an 
alloy (c.gf., low-carbon steel j. 

The term crgsia! generally brings to mind a solid with flat, 
external faces at definite angles to each other. In a scientific 
.-ense, ho\v?-\'er. word refers to a regular internal arrangement 
of atoms, repetitive in three chosen directions, and it is only in 
stxxia! circumstances that this is accompanied by external 
crystal laces. ^^letal cn’.staLs forming by solidification from the 
liquid state in a mold of fixed shape have to conform in external 
appearance to the container. If several crystals start to form 
in the licpiid, they grow until each is in contact at some point; 
growth there necessarily ceases and continues at other parts of 
the crystal until contact at all points is completed. The size 
of each crystal is. of course, determined by the number in a 
fixed unit volume, and the shape of each is fixed by the zone of 
contact with surrounding ciy^stals. Individual cr>"stals, all 
of the same atomic symmetry, have their three directions (or 
axes) of symmetry at different angles to an external reference 
system, such as the surface and edge of a rolled strip. The 
relationship of svnnmetrv" axes to the external system is called 
the orientation of the crystal. Metal crystals, of irregular shape, 
in contact at all points vrith other similar erv'stals (contiguous) 
are called grains. The zones of contact are called grain bounda- 
ries. The word crystallite is commonly used synonymously 
with crv’^stal or grain, but it might be desirable to confine its 
application to crystalline particles not in continuous contact 
with similar crv^stals. This would refer particularly to particles 
of a second phase for which there is, at present, no specific 
definitive, word. 


CRYSTAL STRUCTURE 

The Metals Handbook'' has a section entitled Crystal 
Structure of Metals which adequately describes how metal 
atoms, by occupying the coraem of imaginary cubes or other 
simple shapes, form crystals. Another atom, present in the 
center of each cube, forms what is called the body-centered cubic 
lattice, or, in the center of each of the six faces, forms the face- 
centered cidric structure. Here, it is necessarv" only to emphasize 
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that in any of the common cr 3 "stallme forms, atoms are in a three- 
dimensiontil packing with distances between atom centers a 
eon-taiii repetitive value in each of the three directions. 

Tlie size of the unit cells of a metal lattice can be measured 
accurately bv X-ray diffraction. For copper, the length of the 
edge of a unit cube is 0.0O0Q0O014204 in. A straight line drawn 
parallel to the cube edge across a small crystal, perhaps 3^o in. 
in (Kameter, w^ould include 7,040,300 atoms in perfect alignment. 
A three-dimensional copper ciw-stal in the shape of a cube in. 
on the edge w’ould include 3.49(10)-® unit cubes (a number making 
the national debt appear insignificant b}’’ comparison). There 
&n be minute imperfections in the packing of this tremendously 
large number of atoms, but it is not possible to destroy the essen- 
tial lattice structure, except b^^ melting the metal. 

The word ymlecule is not needed in discussing metal crystal 
structures since the forces holding atoms in the lattice originate 
within the mdi\ddual atoms. The word ion may be substituted 
for atom since electrical conductivity requires free electrons 
which, in turn, means that some individual atoms must exist 
with positive charge. This is one point at which atomic physics 
and metallurgy converge, but it is outside the scope of this book 
and, it ma\’ be added, of its authors. 

Far more informative than any number of words about crystal 
structure are simple experiments in packing spheres into a 
clo^ body- It is easy to pack marbles (those used in Chinese 
checkers will do nicety) in a small square box. It will be neces- 
sary to have extra piec^ of board to var^" the size of the square 
when changing from one type oi packing to another. The three 
Amplest packing methods will be found to correspond to the 
three commonest metal ctystal forms; the body-centered cubic, 
the face-centered cubic, and the close-packed hexagonal. These 
structure appear, at first, to differ fundamentally in the char- 
acter of their atomic arrangements, but closer study reveals 
that any one of them can be converted to either of the others by 
shifting the spacing of certain planes of atoms* For example, 
Fig. 1 (page 15) represente a unit cell of the close-packed hexagonal 
lattice, while Rg. 2 (p^e 15) shows two adjacent tmit cells of the 
fai^-centered cubic structure. Certain atonas of the latter struc- 
tum thc^ on two <^tahedral planes) have been drawn 

with black centers and interconnecting lines. This configuration 
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appears to be the ?ame as the* bjinal plane of the hexagonal 
packing, but there are two differences: fl) the distance between 
the basal plane of the hexagon and the one above, containing 
three atoms, is not §x^, while in the face-centered cube, it 
must be times the length of one edge of the hexagon, 

and (2) a third plane X 'not shown in Fig. 2) intervene betw'een 
the three-atom plane and the next hexagonal plane; i.e., the 



Fig. 1. — Unit eeH of tlie 
close-packed hexagonal lat- 
tice {e.g., Mg'h 



Fig. % — ^Twd unit 
cells of the face-cen- 
tered cubic lattice {e.g., 
Al), with atoms on the 
octahedral plane indi- 
cated by black centers. 


order is etc., while the hexagon structure. Fig. 1, 

shows a sequence of 6, 3,6, 3, etc. 


MICROSTRUCTUBES (PLATE U) 

Plate n, Fig. 1. Magnesium; photograph, at natural size, of 
large crystals formed directly from vapor, not by the solidification 
of liquid in a mold. Under this unique condition, the ciy’'stals 
develop external crystaHine form with flat faces and true inter- 
facial ^gl^. 

Plate II, Fig. 2. Iron (Armco ingot iron) with about 0.13 per 
cent total of impurities; XoO; 5 per cent HNOs in alcohol (Nital) 
etch. This structure shawls polygonal outlines of grains of body- 
centered a iron (ferrite). At the plane of contact between two 
ciy’-stals of differing orientation, the atoms are not firmly held 
in either crystal lattice. This repon, called the grain boundary, 
is one of relatively low’ stability or high energy; reactions will 
generally be initiated here (see page 214), and in this case chemical 
attack by the etching solution is greater. The narrow’ valley 
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after apjK^ars a.- a dark line whieh, outlining the grain 

boundaries, makes the size of individual crystals readily apparent . 
The black spots are sit^ of oxide inclusions or of localized 
l>olishiiig pits. The micrograph represents a eross'seetional 
view of a hot-roiled bar. 

Plate If, Fig. 3. Wrought iron; X50; Xital etch. The matrix, 
or background strueiure, consists of ferrite grains similar to 
those of the ingot iron except that the dissolved impurities, 
particularly phosphorus, are present in somewhat greater 
amounts. {Soluble impurities means elements di^Ived in tiie 
ferrite, hence not visible under the microscope and detectable 
only by chemical or spectrographic tests.) The dark elongated 
stringers are inclusions of slag, largely a mixture of FeO and 
SiO-i. The slag is present in amounts of from 1. to 2. per cent 
and is always elongated in the direction of flow from hot-rolling. 
Its distribution frequently is not very uniform; some areas 
show a lot, some very little; this micrograph is representative 
of a typical structure. There is no crystallographic or con- 
tinuous atomic relation between atoms in the slag and in the 
ferrite crystals; consequently nothing but mechanical contact 
forces hold the metal and slag together at the contact area. The 
structure shows that the metal phase is much more continuous, 
f.c., less interrupted, along a horizontal direction than along a 
vertical direction. As a result, strength and ductility are not 
uniform in aU directions but depend on whether the axis of str^s 
during testing is parallel or transverse to the direction of the 
slag filaments. This t\q>e of structure Is fibrous and will have 
quite a different appearance, depending on w^hether the polished 
surface repmsents a action parallel, as in this picture, or per- 
pendicular to the rolling direction. 

Plate II, Fig. 4. Same as Fig. 3 at X500. This shows the 
duplex structure of the slag (FeO and FeSiOs). The slag is 
harder than the metal and thus, after pK)lishing and etching, 
stands in lelief above the metal surface. In this picture, the 
slag is in focus and the metal nece^arily slightly out of focus. 
The markings in the ferrite grains appear after moderately heavy 
etching and are probably related to the distribution of dissolved 
metallic impurities. 

Plate II, Fig. 5. Cast zinc (99.99 per cent Zn); X50; etched 
with CrOj, Xa^Oi solution. This structure consists of eoame 
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grains with lenticular (lenslike) markings that are mechanical 
twins. The word twin means that, within the lens-shaped area, 
the ervstal orientation has shifted a fixed amount, equivalent to 
a rotation of 180 deg. about an axis normal to the crystal plane 
represented by the line bounding the twin. The direction of the 
twins thus reveals the position of a specific crystal plane in each 
grain. In the large dark grain, six different angular positions 
of the twins show" ax different directions of one type of lattice 
plane. The twin does not originate by rotation (the gro^ 
movements involved would be impossible to achieve) but from 
slight deformation after casting or surface flow during polishing, 
thus the qualifying adjective “mechanical.'’ Carefully cast zinc 
polished in a manner avoiding surface distortion would show only 
the coarse grains. 

Plate II, Fig. 6. Commercially pure aluminum (Alcoa 2S: 
99. per cent A1 + about 0.3 per cent each of Fe, Si and Cu); 
0.5 per cent HF etch; X500 (photomicrograph supplied through 
courtesy of the Aluminum Research Laboratories). This^ 
structure is that of the metal in the worked and annealed condi-J 
tion. It shows rather small grains of aluminum and black 
particles of an alummum-iron-silicon compound, originating 
from the impurities. The direction of these insoluble particles : 
mpresentB the direction of prior deformation; they are elongated t 
in the direction of flow', similarly to the slag particles of the 
wrought iron. The aluminum crystals are not elongated since 
they re-formed during the anneal follomng the deformation, : 
(see Chap. III). 

Plate II, Fig. 7. Cast tough-pitch electrolytic copper (99.95 
per cent Cu; 0.03+ per cent O 2 ); X50; NH 4 OH-H 2 O 2 etch. AH 
metals solidtfy from the liquid state by the growrfch of crystals 
which, because of preferred growth in certain directions, form 
m open treelike structures called dendrites (see page 49). At a ^ 
later sti^ in growth, when different dendrites are in contad^ - 
the open spaces between the dendrites are filled in with more 
erf the crystalline element. If impurities are present, they will 
imt^y be of lower melting point, or form a structure of lower 
melting pdnt, which means they will be concentrated in the 
parte l^t to free^, i,e., the open spaces between dendrites.^ 
ntis structure of a cast wire bar showrs nearly pure copper in they 
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(orm of cellSj actually the intellections of dendritic arms with the 
surface of polish. The oxygen impurity, pr^nt as CU 2 O 
I cuprous oxide) particle, forms with copper the dark structure 
of lower melting point, outlining the dendritic cells. The black 
spots are pores or holes in the cast metal. 

Plate II, Fig. 8. Same a.s Fig. 7 at X^K). This shoi^vs in 
detail the dark structure outlining the copper dendrites. The 
cuprous oxide particles or crystallites are seen to be globular 
bodies di<p€u>*ed in a copper background. Note that copper is 
con^nuous; that tlie brittle oxide, w'hUe forming a network, 
actually consists of .separate, discrete cr\''stalline particles. 
(This alloy structure is that of an hypoeuteetie; see Chap, V.) 

Plate 11, Fig. 9. Same as Fig. 7 after hot-rolling; X50; 
XH4OH-H2O2 etch. The dendritic structure of Fig. 7, showing 
probably only two separate crystal (or dendrite) orientations, 
has been completely obliterated by the hot deformation. Now 
the s{>ecimen show’s hundreds of very small, individual crystals. 
Parallel straight lines extending acrc^ many of the crystals 
outline annealing twins w’hich appear after a metal has been 
deformed and annealed or equivalently deformed at a high 
temperature. (The ingot iron, Plate II, Fig. 2, shows what 
appears to a well-defined annealing twin although body- 
centered cubic iron is not known to form this type of twin.) In 
addition to changing the grain size of the copper, the hot-rolling 
has destroyed the interdendritic network of CusO particles and 
cause the oxide to be aligned as stringers of particles in the 
direction of hot-working (compare with the wTOught iron, 
Plate II, Fig. 3, and ^ ahiminum, Plate II, Fig. 6). 

Plate II, Fig. 10. Same as Fig. 9 at X5O0. It is apparent 
from a comparison of the size of these oxide particles with those 
in the as-cast structure, Plate II, Fig. 8, that the hot-rolling 
not only changed the distribution of CusO but considerably 
increased the size and decreased the numte* of the indhidual 
cr\"stallites. This is the result of attempts by the oxide to 
reach a state of minimum surface. It is poi^ible by reason of a 
slight solid solubility (see page 20) of CusO in copper; the smaller 
particles of oxide dissolve, and a corresponding amount must 
then go out of solution by crystallizing on a particle already 
present. Thus there is a general tendency for particles to grow 
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in size and decrease in number, but this is possible only when the 
metal is at an elevated temperature under conditions of slight 
solid solubility of the particle in the matrix. 

Plate II, Fig. 11. Tough pitch copper; X150; no etch. This 
structure represents a section across a tear found in cold-rolled 
copper sheet. Xote that the tear represents a surface with a 
high cuprous oxide content on one side, and a low or normal 
content on the other. Localized regions of high oxide content 
may result from insufficient ‘^scalping^^ (machining) of the cast 
set surface of the ingot, which frequently has an oxygen coi^tent 
approaching 0.4 per cent. It also may result from local over- 
heating and melting during soaking at a high temperature for 
hot- working. In either event, the region adjacent to areas of 
high oxide content is susceptible to cracking under stress. 

Plate II, Fig. 12. Oxygen-free, high-conducti\dty copper, 
heated in an oxygen-bearing atmosphere for 2 hr. at 900°C.; 
reheated 2 hr. at 900°C. in hydrogen; X200; potassium bichro- 
mate etch, .\lthough the original copper was free of oxygen, 
some entered the metal during the first heat treatment, to a 
content of about 0.008 per cent O 2 . On reheating in hydrogen, 
atoms of hydrogen diffused into the copper. They reacted with 
cuprous oxide at the grain boundaries to form steam (H 2 + CuoO 

2Cu + HtO) at a high pressure and temperature, and the 
steam created a network of fine holes along the grain boundaries. 
(Xote that the twin bands do not contain any pores; this is 
further etidence of the continuity of the atomic lattice at twin 
bands and discontinuity at grain boundaries.) Copper in this 
condition ma^'^ show a strength of only 5,000 p.s.i.^ with zero 
elongation as compared to a normal 32,000 p.s.i. and 40 per cent 
elongation.^ Tough pitch copper with 0.03 per cent oxygen 
instead of 0.008 per cent is equally susceptible to this '^hydrogen 
embrittlement.” Atmospheres containing carbon monoxide 
or another reducing agent plus water vapor may generate 
h^'dre^en (CO -f- H^O 4 =^ H 2 + CO 2 ) and cause embrittlement, 
which formerly was attributed to the carbon monoxide gas. 
Naturally, oxygen-free copper is immune to this trouble, unless 
it k heated in air during processing. Embrittled metal can 

^ Tim (ksignation is employed throughout the book for pounds per square 

ineh. 

^ Eanms and Akbmbson, Tram, A.LM.E.^ 143 , 312, 1941. 
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seldom be reclaimed except by remelting; it usually must be 
scrapped. 


PROPERTIES 

^Metals ill the pure state have relatively high plasticity or 
deformability and low strength. The degree to which they 
exhibit these properties is primarily a function of their crystal 
structures and the binding forces between atoms in the crystal. 
Drawings of the atomic lattice, such as those on page 15, 
are misleading in portraying atoms as small spheres widely 
spaced. This device is used only to permit representation of the 
three-dimensional lattice distribution of atoms. It should not 
be inferred that, having widely spaced atoms, metals might be 
readily compressed. They are compressible only to a slight 
extent, and large spheres in contact, as obtained by packing 
marbles in a box, better represent the actual structure. Even 
in this case, the stationary position of atoms is not a correct 
representation of the lattice, for these are only the statistical 
average positions of vibrating spheres. As the temperature is 
raised, the amplitude of atomic \ibration increases and, although 
the configuration of atoms is unchanged, the average spacing 
increa^ and the forces between atoms become correspondingly 
less. Practically, this effect results in the expansion of metals 
and a loss in strength as the temperature increases from the 
theoretical absolute zero to the melting point. Although the 
strength-temperature relationship does not follow^ a straight line, 
it su^ests that low^'-melting-point metals should be weaker 
{at room temperatures) than those with high melting points, 
and this is ordinarily true. 

Pl^ticity of pure metal crystals is basically related to their 
atomic structure. Although it has been pointed out that the 
three <x>mmon metal crystal structures (face-centered cubic, 
body-centered cubic, and close-packed hexagonal) are very 
similar, equivalent planes are not identical in respect to inter- 
planar spacing and atomic density, two factors which determine 
the ea^ of defonnability. Thus the (octahedral) planes, cutting 
off the comers of the face-centered cubic lattice, have atoms 
dmilariy to thc^ on the basal plane of the close-packed 
texa^onal structure. However, there are four octahedral planes 
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ill the cubic lattice at differeut petitions with reference to any 
outside surface or direction while the hexagonal structure has 
only one. Thus, if a force is applied to the two different types 
of lattices, the cubic crystal is certain to have at least one plane 
in a pasition that will j>ermit slip and deformation, f These 
processes are discussed in detail in Chap. III.) The hexagonal 
crystal, however, may have its single basal plane in such a posi- 
tion that it cannot function in the deformation process. Gen- 
erally, it will then develop mechanical twins (see structure of 
zinc) w'hich reorient the bsusal plane so that some deformation 
can occur. Certain positions of the basal plane with respect to 
the applied stress will result in cleavage of the crystal and, in 
general, the hexagonal metals must show considerably less 
plasticity than face-centered cubic metals. The body-centered 
cubic lattice has several potential planes of slip, like the face- 
centered cubic, but none so well defined, i.e,, densely packed 
and corr^pondingiy well separated. Thus the body-centered 
cubic structure occupies an intermediate position in ease or 
possible extent of deformation. 

These remarks are general comparisons of pure metal crystals. 
The presence of impurities can markedly alter expected phistieity, 
strength, or other properties, as is shown in the following specific 
examples. 

Copper. — The common impurity, oxygen, slightly decreases 
plasticity, but this is not very noticeable, except at points of high 
oxide concentration ^ Plate II, Fig. 11) or wiien the copper is 
heated in atmospheres containing hydrogen or in w'hich hydrogen 
may be generated. r)xygen-free copper can be produced by 
adding phosphorus to the liquid metal, but ordinarily, the residual 
phosphorus content reduces the conducti\ity of the metal below 
that required for electrical applications. Oxj"gen-free high- 
conducti\ity copper melted and east in a carbon monoxide 
atmosphere (OFHC) will exhibit superior plasticity to the tough 
pitch grade, although it can also be embrittled by first heating in 
oxygen (or air) and then in h^’drogen. One other particularly 
dangerous impurity is bismuth w'hich, by forming a low-melting- 
point structure (with as little as 0.006 per cent Bi), causes the 
copper to lose all ductility at high temperatures (see hot-short- 
neifej, page 87). A low’er concentration of bismuth can be toler- 
|ted on the basis of its slight solubility in solid copper. 
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t Teissile strei^li iktai. ae fa P^- Ai, Ca, Fe, and Ni aad ato fa the camoaekl!y prare um^Is 
: .:.'om.'. _ Tl:? strength valui? for britt'e silicon is fa compression •'.eomp.'s loadiag. la addition to purity, the 
phy<v.“al of the in;-:2l. gra:?. sii? and as-cast car wrooght Trire, rod, or sheet will marki^ly affect strength 
prop-rti-s. Net all^daTii h'-rt' cn specimrns in the same physical state, and therefore the values generally 
nrv oidv qualitatively ecmparabie. Cr, Cb, Rh, T:, and &, vrhieh are ordinarily brittle, tan be produced in a 
ductile form, although strength ‘iata have net been published. 

Most^cf these data rvere taken frem the “Metals Iiaiustry H-icndonl Handbook” fca- 1942, supplemented by 
the “ASM ^Handbook” and by recent research publications. Almost ail the properties pven here are 

in&ientred by the purity of the metal; e.Q., most handbooks show the melting point of Cr as 1550®C., a value 
cbtaiued upon meking in air as a result of nitrogea absorption. Most properties are also crystallcgraphically 
?»ensitive to the direction of measurement, particalarly in the ease cf noneubic metiils. 
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Magnesium has long been known to ha\'e relatively poor corro- 
sion resistance, particularly to salt-water solutions or vapors. 
This resulted in extremely careful surface protection (or the 
abandonment of use of the metal) in many applications, for 
example, Xaval aircraft. It has recently been found^ that pure 
magnesium, and its important alloys, are very resistant to salt- 
water corrosion. By keeping the amounts of iron, copper, nickel, 
and cobalt impurities below certain tolerance limits (e.g.j 0.017 per 
cent Fe), or by balancing higher contents with other elements 
that neutralize the corrosion-stimulating effect, magnesium 
alloys may show far greater resistance to corrosion than was 
believed possible only a few years ago; e.g., withstand three 
months* alternate immersion in a 3 per cent sodium chloride 
solution without significant loss of strength. 

Zinc alloys when first used in die castings proved unsatisfac- 
tory" particularly in warm, humid climates; castings wmuld sw^ell 
enough to jam mechanisms in which the castings were used, and 
the intergranular (between grains) corrosion, w"hich caused the 
swelling, also greatly reduced the metahs strength. Research 
show’ed that by keeping the total content of lead and cadmium 
impuriti^ below* 0.01 per cent, the die castings wmuld indefinitely 
resist intergranular corrosion. Thus, zinc for die castings must 
have a purity of 99.99 per cent, whereas that used for alloying 
with copper (to make brass) or for galvanizing iron has consider- 
ably higher permissible impurity limits. 

Iron in the pure state has much better corrosion resistance than 
in the relatively impure form of steel, even low-carbon grades. 
Armeo ingot iron finds its most important applications in 
enameled ware and in fields w^here better corrosion resistance 
than that of steel, but not particularly high strength, is required. 
(There appears to be some question as to the comparative cor- 
rmion resistance of relativel}" pure iron and ordinary low-carbon 
steel- It has long been believed that, in general, metals resist 
corrosion better when in a pure state, c.p., magnesium and zinc. 
This generalization appeared to be true for iron, but recently 
some authorities have claimed that ingot iron's only special 
\drtue is for enameling.) 


i Hajjawalt, and Pbloubet, Metals Tech., A.I.M.E., 8. Septem- 

l^r. IMl. 
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The commonest undesirable impurity element in all iron and 
steels is sulphur which, \nth iron, forms a low-melting-point 
eonstitiient and thus causes hot -shortness :see page 87). The 
presence of manganese in amounts of about five times the sulphur 
t*ontent converts the sulphur to an innoc'uous ihigli-meiting- 
tK)inti mangaiiesf^ siil|>hide. \Yhen present in comparatively 
large aiiiuuiits, the manganese sulphide, by intemiptirig the 
continuity of the plastic ferrite matrix. iXTinits the steel to l>e 
mactiined faster, with less power, and with a better surface 
finish. Sulphur addcnl to oxidized liquid steels does not seem to 
form the normal iron sulphide which, distributed along grain 
lx>imdaries, causes hot-shortnes?. Eamsey and Graper^ show 
that the machinability tjf dc^oxidized sU^els may be improved 
without large manganese additions by adding sulphur as a 
sulphite, XasSOg. which, upon contact with liquid steels, decom- 
poses to SO 2 anil Xa 2 G. The SO 2 is absorbed by the steel, 
perhaps as a monoxide with the excess oxygen forming SiOa 
and AlgOg. These are slagged off by the NatO. The Faulting 
oxysulphide inclusions, by being uniformly dispersed, increase 
machinability without causing hot-shortness. 

Aluminum is slight!}' stronger and less ductile when the normal 
content of iron, silicon, and copper impurities are present (as 
ill Alcoa but in most alloy applications these are relatively 
unimportant. They have some infiuence on alloy casting 
properties and heat-treatment temperatures (for details see 
page 82 j, and the amounts present should be controlled for 
^producible optimum properties. 

Nickel may contain a slight amount of sulphur from the fuel 
used in melting furnaces, which may form a continuous envelope 
of brittle sulphide at the grain boundaries and thus embrittle 
the entire structure. The amount of sulphide can be so small 
as to be undetectable by ordinar}' mierogmphic technique. The 
addition of about 0.05 per cent magn^ium causes sulphide to 
form in an innocuous dispersion of particles and permits the 
metal to display its inherent plasticity or malleability. Simi- 
larly, lead may be present as an impurity in gold in amounts 
small enough to escape detection by the microscope and yet form 
a thin brittle envelope at grain boundaries w'hich, being con- 
tinuous or nearly so, embrittles the entire structure. 

^ Metals Tech.f 9, April, 1942. 



2ti STRUCTURE AND PROPERTIES OF ALLOYS 

Beryllium, although having the vsame type of crystal structure 
as zinc and magnesium, has always been considered as a brittle 
metal since the purest laboratory grades have showm no malle- 
ability. Recently, commercial beryllium remelted under a 
vacuum (to eliminate nitrogen and other gaseous impurities), 
alloyed with small amounts (0.2 to 0.5 per cent) of titanium or 
zirconium, and then cast under vacuum, has been successfully 
hot-rolled. The titanium or zirconium seems to form disperse 
stable oxide particles which replace the former beryllium oxide 
films that initiated cracking. However, the hot-worked product 
is still deficient in cold malleability. Improvement in this direc- 
tion would greatly increase the utility of this interesting metal. 
It k probable that small amounts of aluminum or other similar 
metals, by forming a low-melting phase, can make the metal 
hot-short in a manner similar to sulphur in iron or nickel, lead in 
gold, or bismuth in copper. 

QUESTIONS 

1. Are metals in the pure state in the best condition for ordinary service? 
Give several instances of pure metals, used as such, meeting certain specific 
requirements. 

2. Express the electrical conductivity of Al, Au, Fe, Ki, and W as a per- 
centage of that of Cu. Explain the anomaly of a value for commercial Cu 
in excess of 100 per cent. 

3. What are the principal fields of utilization of wrought iron ? 

4. Explain the term ‘‘space lattice.” 

5. Classify the following metals on the basis of atomic arrangement. 
Which ones would be expected to show the best plasticity? 


Iron 

Magnesium 

Copper 

Cadmium 

Tungsten 

Lead 

Tin 

Silver 

Nickel 

Chromium 

Gold 

Beryllium 

Zinc 

Aluminum 

yianganese 


6. Define the term alltriropic transformation (or polymorphism). List three 
c*ommon metals that show' such a transformation, and give the temperature 
at which it oeeuns, and the phases involved. 

REFERENCES 

‘^Metals Handbook,” sections on Crystal Structure of the Elements; 
of Iron, Commeareiidly Pure Aluminum, Copper, Nickel, Zinc, 
Wroi^t Iron. 
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COLD-WORKING AND ANNEALING 

Plasticity of metal crystals is synonymous with deformability^ — 
the ability to l>e straine<l or to undei^o a considerable change 
in shaf^ or dimensions without cracking or breaking. When the 
deformation occurs Mow a certain minimum temperature, the 
hardness and strength pro|3erties increase; i.c., strain hardening 
occuns, while ductility properties correspondingly decrease and, 
under these conditions, the deformation process Ls generally 
called cold-working. Ductility may be restored to its initial 
value and the stniin hardening eliminated by annealing the metal; 

reheating above the minimum temperature previously 
mentioned. If the deformation proceeds at temperatures in the 
annealing range, no strain hardening occurs and the process is 
called hot-working. 

MECHANICS OF DEFORMATION 

It has already been pointed out that plasticity in metals is 
related to crystal structure; more specifically, it depends on the 
existence of parallel planes of high atomic density and correspond- 
ingly wdde spacing, together with the special interatomic forces 
binding metal atoms in a lattice. Blocks of the crystal on either 
side of a specific plane, or group of planes, can move in oppc^ite 
directions, come to rest vdth. atoms on either side of the plane in 
nearly equilibrium positions, and thus change the external shape 
of the crystal without destro\ing it. The atoms cannot be in 
exactly normal positions after the deformation for then the 
properties of the crystal should be unchanged and no strain 
hardening would have occurred. Atomic conformity cannot 
have been entirely destroyed across the plane or subsequent 
movements at right angles would not be possible (see Plate III, 
Fig. 2). The mechanics of the movement are not known with 
certainty; it may occur by a shearing movement of entire blocks 
at adjacent planes, or by migration of atoms through vacant 
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sites of the lattice structure, starting at one side of the crystal 
and crossing it like a wave on the specific plane and in the 
requisite direction. In either event, the individual crystal is 
not isotropic, i.e., it cannot flow in an\^ direction, as do tar or 
other noncrystalline (amorphous) solids, but moves only accord- 
ing to the crystallographic slip planes and directions available. 
The slip process also requires a rotation of the slip plane and 
direction toward the direction of stress or plastic flow. (This 
rotation may be casualized by placing some flat pieces of a hard, 
sheet material in a ball of plastic clay and forcing the ball to 
elongate in a direction of about 45 deg. to the plates; they will 
be found to rotate during the deformation toward parallelism 
with the flow direction.) While the individual atomic move- 
ments during the plastic deformation of a single crystal are 
uncertain, the gross movements of large blocks of the cr^'^stal 
are predictable. 

When a relatively fine-grained commercial metal is cold-rolled, 
the simple picture of slip and rotation becomes more complicated 
in that the operative slip systems of the aggregate are at different 
angles to the flow direction. The applied stress is resolved in 
each crystal to a stress on the slip plane and in the slip direction 
and another component normal to the plane. The normal 
stress tends to cause cleavage along the plane, and, since this 
does not ordinarily occur in ductile metals, the normal stress is 
generally ignored. The stress acting along the slip planes is the 
cause of shearing movements and flow. Since the resolved stress 
is a function of the orientation of each crystal and since a mini- 
mum elastic shearing stress limit must be exceeded before flow- 
begins, it is apparent that all crystals do not start to flow at the 
same time and that, if the maximum stress is near the gross 
el^tic limit, some cr>"stals will have deformed plastically and 
some only elasticalh- . This is one source of residual or internal 
dresses (on a micro scale) after releasing the applied stress and is 
al^ the reason most commercial metals do not show a sharp, 
well-defined, >ield point (page 9). A second complication in 
the deformation of polycrj^stalline metals enters when neighbor- 
ing crystals of differing orientation tend to flow in slightly differ- 
ent directions, yet must maintain contact at all points or a crack 
wifl form and spread. To eu^ure contact at all grain boundaries 
of an f^regate of crystals during flow, each crystal is forced to 
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u.^e more than one i^lip .system tone plane and one direction) 
and, conseciiiently, some bending of the lattice structure is bound 
TO occur, partieiilariy at grain boundaries. Rotation of the 
slipping ''blocks’’ will not be uniform and, as a result, de^forma- 
tion creates a series of crystal block fragments, often arranged 
in parallel, eiirvHl bands ha\dng slightly varying orientations 
within hand ami mirror image rotations from band to band, 
all derived from an initial crystal of uniform structure. 

A fine-grained mental containing crystals with a random dis- 
tril)uticiii of orientations will, in mc^ r^pects, behave as an 
isotropic substance despite the nonisotropic behavior of its 
individual component grains. After considerable pia'^tie defor- 
mation. liowever. with crystallite fragmeiit.s in each grain rotating 
toward a common imition with respect to the flow direction, the 
metal ceases to be isotropic, both crystallographically and 
mechanically: it will show somewhat different properties depend- 
ing on the direction of measurement, i.e., the position of the 
axis of the test specimen with ra§pect to the flow direction or 
direction of rolling. 

In this discussion, deformational processes have been con- 
sidered as applied to metals having a uniform crystal stnicture. 
This would include any pure metal or a metal where a second 
element is dissolved in the metal without altering the form of its 
crystal .structure (page 47). Menst of the ^tual structures 
employed to illustrate this discussion are of a solution-type 
alloy, a brass (in this ease 70 per cent Cu, 30 per cent Zn), which 
has a cr>"stal structure nearly identical to that of copper. It 
might also be pertinent to point out that a hard, insoluble con- 
stituent, such as CuaO in copper (Plate II, Fig. 10) or Al-Fe-Si 
compound in aluminum (Plate II, Fig. 6), will be strung out 
in the direction of flow without veiw' seriously affecting the 
mechanics of deformation of the ductile matrix crystals. 

MICROSTRUCTURES (PLATE m) 

Plate III, Fig. 1. Single crystal of a brass strained 0.2 per 
cent in tension; X2(K). This specimen was polished, etch^ 
with ammonia peroxide, stmined, and then photographed with 
the light at an oblique angle. The undisturbed surface of the 
crystal is dark, but light has reflected from the sides of stepUke 
discontinuities or lines indicatins: the olanes of block slip. The 
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single lon^tndinal line was scratched on the polished surface 
l>efore straining. The slight de\dation from the original straight- 
ness indicates that the amount of plastic displacement at each 
\-isible slip line amounts to about 700 to 800 atoms. 

Plate III, Fig. 2. Polycrystalline annealed brass, polished, 
etched with ammonia peroxide, and then squeezed slightly in a 
vise; XIOO. With normal illumination, the color variations of 
this grain structure are related to orientation differences (page 
6). The parallel, dark lines are steplike discontinuities resulting 
from block slip. Xote that when these reach grain boundaries, 
they stop or change direction. In some cases, they are parallel 
to annealing twins (the planes of slip in brass are also potential 
twinning planes). Where the active slip plane is not parallel to 
the twin but intei'sects it, note the change of direction at the 
twin and resumption of the original direction on the other side. 
This is further evidence of the change of orientation in twins 
and yet the atomic conformity between the twin and original 
er>"staL Xote also that the bottom crystal shows two sets of 
intersecting lines within some of the twin bands, indicating that 
more than one set of the potential slip planes functioned during 
this slight deformation. All of these markings appear only 
by reason of a difference in surface level on either side of the 
slip plane; repoiishing of the specimen would remove the line 
markings. 

Plate III, Fig. 3. Armco iron polished, etched with Nital, 
and then squeezed in a vise; XIOO. Body-centered cubic iron 
h^ no single set of w’ell-defined slip planes. That, rather than 
any le^r perfection of the cr^^stal structure, is the probable 
explanation of these characteristically forked and wavy slip lines. 

Plate III, Fig. 4. a brass cold-rolled to a 30 per cent reduc- 
tion; NH4OH-H2O2 etch; X200. This structure of a surface 
parallel to the rolling plane (with the rolling direction vertical) 
shows grains somewhat elongated in the direction of rolling. 
The formerly straight twin bands now show curvature indica- 
laYe of lattice bending. The curved, dark lines in the crystals 
are parallel to the active slip plan^ but appear for an entirely 
dilferent reason than those of Plate III, Fig. 2; after the relatively 
r^uction of 30 j^r cent (Plate III, Fig. 2 was deformed less 
than 1 per cent) atomic nonconformity at the active slip planes, 
or fra^nentation or other localized atomic changes, 
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has creakKl a zone of high, localized instability where etching 
attack proceeds more rapidly, in a manner analogous to attack 
at grain boundaries. Three sets of markings in one crystal 
indicate that three different sets of octahedral planes were active 
in the deformation process. Since these markings cannot be 
remo\'ed by repolisliing, they are called noneffaceahle defor?mtion 
lines, etch jnarkings, or simply strain markings. 

Plate III, Fig. o. a brass cold-rolled to a 60 per cent reduc- 
tion; XH4OH-H2O2 etch;X.200. After a greater reduction, this 
structure of the roiling plane (rolling direction again vertical) 
shows strain markings that are less well defined and more wavy, 
curved, or branched, indicating greater lattice distortion and 
fragmentation. It is also evident that the strain markings (on the 
active slip lines), instead of being randomly disposed, grain to 
grain, as a result of random crystal orientation, are now tending 
to a^ume a common general position on the sheet surface, 
approaching perpendicularity to the rolling direction. Thus the 
rotation of indi\idual crystals, or banded sections of crystals, 
into symmetry positions with respect to the direction of flow is 
generating a preferred orientation. 

Plate III, Fig. 6. Same as Fig. 5 but photographed at X200 
on a plane parallel to the rolling direction and normal to the 
rolling plane (longitudinal section). The markings that tended 
to be perpendicular to the rolling direction in Fig. 5 are now seen 
to represent twisted and warped planes tilted at approximately 
45 deg. to the surface of the rolled sheet. 

PROPERTY CHANGES FROM COLD-WORKING 

Strain hardening has already been defined as the change in 
mechanical properties, i.e., increases in hardness and strength, 
decreases in ductility, which accompany cold deformation. 
There is no single, universally accepted explanation for strain 
hardening, but it seems certain that the visible distortion of the 
crystal lattice, manifested by curved and warped lines of deforma- 
tion, and the accompanying fragmentation of the crystal must 
increa^ the force required to cause further deformation on any 
mt of slip planes, as compared to the force required to initiate 
slip in a crystal with a relatively perfect lattice. 

Ihe extent of the various property changes is of more imme- 
diate importance in evaluating potential engineering applications 
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of cold-worked metals. Although lK>th hardness and strength 
inerease» they do not follow parallel courses w^hen plotted against 
the reduction by cold-rolling hsee Fig. 3; page 41). Strength 
generalh' increases more or less linearly, whereas hardness 
increases very rapidly in the first 10 cent reduction and then 


T*iblk !I. — lii-'Xwz'.LL Hahdxk-> Values \sj> Tensile Propeeties 


Material and its 


Per . 

ent rediii'tion by cold rolling 


initial eondition 

f i 

10 

20 

30 

40 

50 

60 

Aniico Iron — Ann. 

725"C. ............ 

Aluminum ■ 2*S — Ann. 

G2* 

44 

55 

62 

66 

6S 

69 

400=C 

(’opper T. P. EIw. p. 

H6 

41 

48 

53 

58 

65 

69 

18; Ann. 600 ( '. 

H15 

73 

81 

86 

SK) 

91 

92 

Zinc m-99c Znl 

Nickel silver (see page 

V6 

S 

10 

9 

S 

8 

1 

7 

o2)— .4nn. . . 

70:30 bras .s — f i n e 

B18 

64 

79 

84 

87 

89 i 

j 

91 

grained 0.01 mm. . 
70:30 brass — coarse 

NIS 

70 

88 

93 

97 

99 

101 

grained <0.25 mm.). . 
70:30 bras;; — tensile 

X12 

62 

83 

89 

94 

97 ; 

100 

strength, pounds per 
square inch 

43.000 

48 . 000 53 . 000 60 . 000 70 . 000 80 , 000 90 , CX» 

70:30 brass — elonga- 






i 


tinn [ in > 

70 

52 

35 

20 

12 

s 

6 

t50:40 brass — furnace- 


cooled {S00=C. ! 

t)0:40 brass — quenched 

BS 

65 

77 

84 

89 

91 : 

i 

92 

(800°C.) 

B37 

76 

83 

87 

90 i 

92 ; 

93 

* Rockwell seales; G = in., 150 kg.; B = 

Heia., 

100 kg.; H 

— ?g in. 

60kg.; A 

= 44 


n., 75 kg.; Y = hs in., 25 kg. The special Rockwell scale for the 70: 30 brasses was required 
lo keep all values in the regular range, 0 to 100. For initial structures of the 60:40 brass, 
see pages 102-104. Ann. = prior annealing temperature. 

more slowly at sucee^ively higher reductions. Elongation (as 
ietermined in the tensile test) follows a coui^ opposite to that of 
tiardnessj a large initial decre^e in the first 10 per cent reduction 
md then a gradually slower rate, asymptotically approaching 
zero. 

Typical data for hardne.ss changes of .several metals are repro- 
iueecl in Table 11. 
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The development of a preferred orientation in the cold-worked 
crystalline fragments is not noticeable, in most cases, until the 
niptiil has been given a reduction of from 40 to 50 per cent or 
more. Consequently, the preferred orientation bears no direct 
relationship to strain hardening. The extent of the preferred 
orientation, and relatedly, of the directionality of properties is 
not only affected by the degree of the last cold reduction but by 
the extent of all pre\’ious reductions and temperatures of anneal- 
ing. The data of Table III represent changes in an a brass of 90 
{XT cent copper and 10 per cent zinc Commercial Bronze^’); 
elongation data are difficult to obtain and here are less significant 
than strength variations. 

T.ible hi. — Directional Properties of Cold-rolled 90:10, 
Copper-Zinc Alloy 

TensUe streaeth elongation 

Angle, specimen axis to rolling direction 
0 deg. 45 deg. 1 90 deg. ; 0 deg. 45 deg. 90 deg. 


A. Light reductions and an- 


neak4-37^c 59,000i60,000|63,000: 5.0 4.0 3.0 

B. Moderate reductions and 

anneals -f- 56^ 74, 000 74, 000 177, 000 4.0 3.0 3.0 


C. One heavy reduction, 95 • 82 , 000 j 87 , 000{ 95 , 000| 2.7 2.7 3.2 


In addition to changes in mechanical properties, cold-working 
changes physical properties; c.p., it has a deleterious effect on the 
magnetic properties of soft iron and decreases electrical con- 
ducti\ity of pure metals slightly (about 2 to 5 per cent) and of 
some alloys, such as a brass, strongly (about 20 per cent, see Fig. 
3, page 41). The distorted lattice of cold-worked metals is of 
an unstable character and represents stored energy, which means 
that chemical reacti\ities of cold-worked metals are also affected 
(as shoTO by the increased rate of attack by etching solutions). 

MECHANICS OF ANNEALING 

The process of changing the distorted, unstable, cold-worked 
lattice, wMch may have residual macro- or microstresses, back to 
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a ^train-free stmcture by the application of heat is termed 
annealing. Macro- and micro- have the same significance here as 
when applied to photographs of structures. The word macro- 
drenses refers to stream existing, in a balanced state, over large 
areas of the metal. When the balance h; iipsc^t by machining 
SiWB,y part of the metal, the unbalanced stre&ses will rcMlistribute 
themselves by a distortion of the metal; for example, a .*<lit cold- 
drawn tube may open up at the cut, increasing the diameter of 
the tubing. On the other hand, microstre^5^, w'hile also of 
necessity in a balanced state, are so localized in extent that they 
cannot cau^ a change of dimensions upon machining of the metal 
and are detectable only by X-ray diffraction or comparable 
methods. 

At some relatively low temperature of heating, internal stresses 
are relieved; measurable macrostresses by plastic flow or creep, 
and microstresses by the movement of some atoms, forced out of 
stable lattice p(^itions with respect to their neighbors, toward 
localized equilibrium pc^tions. Since the gross lattice distor- 
tions are unaffected, hardness and strength may not be noticeably 
decreased; in fact, in some solid-solution alloys, such as the a 
brasses, the hardness and strength may increase slightly. (Plac- 
ing a test specimen of cold-rolled brass on a hot radiator for a 
couple of hours may bring its strength up to specifications, if it 
originally was a little below the minimum. This slight increase 
in hardness and strength is believed by some to be caused by 
precipitation (see page 76) of a phase, soluble in the stable lat- 
tice and insoluble in the distorted lattice.) Heat treatment in 
this relatively low’ temperature range is called a stress-reliej 
anneal. The internal stresses in a cold-worked metal may 
approach the strength of the material and exceed it, if localized 
surface noteh^ are formed by the attack of certain specific 
coriroive agents, e.g., ammonia or mercurous nitrate solutions for 
brakes. When the localized stress exceed the strength of the 
material, cracks start forming. Since the corrosive attack usually 
creates notches at gmin boundaries, the cracks start and propa- 
gate along grain boundaries, resulting in intergranular failure of 
the type known as season-cracking or, more accurately, stress- 
corrosion cracking. The temperature range of stre^relief 
annealing is called the recovery range. Besides the property 
changes already mentioned, there may be some ver3’' minor 



3t» STRUCTURE AND PROPERTIES OF ALLOYS 

i>tructiiral changes but, at most, these will be only the partial 
disappearance of etch or strain markings. Their removal takes 
a r-onsiderably longer time than is possible to employ commer- 
cially, but the tendency illustrates the decrease in localized 
stresses that had given the original etching effect. 

At the upper temperatures of the recovery range, hardness may 
start to decrease markedly. Simultaneously, minute new 
crystals, identical in composition and lattice structure to the 
ijrigiiial iindeformed grains, make their appearance in the micro- 
structure. These crystals are not elongated, as are the frag- 
mented, deformed grains, but appear to be approximately 
equiaxed; t.e., their diameters are about the same in whatever 
direction measured. The crystals appear first in the most 
severely distorted part of the worked structure, which would 
usually be at former grain boundaries. Presumably the re-for- 
mation of atoms into the uniform lattice of a new crystal require 
a certain minimum energy, and since areas of maximum dis- 
tortion are regions of maximum instability or of high energy 
content, they require less energy from an outside source. The 
atoms, or groups of atoms, from which the new grains start to 
form are nuclei j and the process of their formation and growth to 
a visible size is called recrystallization. The process is not com- 
pleted instantaneously at a fixed temperature. As in all crystal 
structural changes involving nucleation and growth, the process 
is a function both of temperature and of time. The other vari- 
able to be considered is that of the initial instability, and factors 
affecting that are the degree of prior deformation and the prior 
grain size. 

After recrv^stallization begins, the use of longer times at a 
specific temperature, or shghtly higher temperatures (generally, 
doubling the time is equivalent to raising the temperature 10°C.), 
results in growth of the first new crystals from strained material 
surrounding them and the formation of additional nuclei in the 
somewhat le^ distorted sections of the cold-worked lattice. 
Strictly speaking, the word recrystallization refers only to the 
process by 'which nuclei form and grow, resulting in the gradual 
chsappearance of the cold-worked structure. The temperature 
range in which this occurs is one of sharp changes of mechanical 
properti^, unl^ the prior reduction was very small and the 
recrystallization range corr^pondingly wide. However, a multi- 
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tilde oi new cn'sials (Plate III, Fig. 7) usually will completely 
fill one area wMle an appreciable amount of the distorted lattice 
remains unaffected. In this ease, some of the new crystals will 
grow larger at the ex|>ense of other new crystals adjacent to them. 
This process is called grain-growth, and it is clear that the grain 
growth and reerystallizatiori oi'erlap and cannot be 

cleanly ^rparuied in a tcinperatiire or time chart. 

Grain growth in a completely recrvstallized structure (or .se<‘- 
tioii of a structure^) occurs by boundary migration; i.e.y atoms at 
the boundary plane between two er>'staLs, A and B, are not in 
stable petitions with respect to either crystal; if they become* 
attached in normal lattice positions for grain A. the next adjacent 
layer of atoms is pulled sliglitly from symmetry positions with 
respect to B; the boundary then has migrated one atom dis- 
tance, A has grown larger and B smaller. Which crystals are 
marked by w’hat force to grow, and which to disappear, is an 
interesting question but unansw^erable at the present time. 

MICROSTRUCTUKES (PLATE m) 

All Etched wuth XH4OH-H2O2 Solutiox 

Plate III, Fig. 7. a brass, cold-rolled (>0 per cent and heated 
to a temperature in the recrystallization range (30 min. at 
3(K)“C.) ; X 75. This structure show’s masses of tiny new’ crystals, 
not very w'eii resolved here, and some areas of the old deformed 
structure containing strain markings. 

Plate III, Fig, S. Same as Fig. 8 at X500. The structure of 
the new crystals is somewhat better resolved at this magni- 
fication. The average diameter of the new crystals is about 
O.CH)2 mm. 

Plate III, Fig. 9. Same specimen as Fig. 8 reheated 30 min. 
at X75. After reerystallization has been completed and 

after some crystal grow’th. the average grain diameter is now 
about 0.020 mm. 

Plate III, Fig. 10. Same specimen, reheated 30 min, at 
X75. Additional growth has increased the average 
grain diameter to about 0.045 mm. 

Plate III, Fig, 11. Same specimen, reheated 30 min. at 
650^0. ; X 75. The average grain diameter is now about 0. 1 5 mm . 
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Plate III, Fig. 12. Same specimen reheated 30 min. at 
800®C.; X75. Inspection of a larger area at a lower magnifica- 
tion it required to determine that the average grain diameter is 
now about 0.25 mm. 

All of these cold-worked and annealed brass structures show 
annealing twins. In making grain-size determinations, it is 
necessary to avoid mistaking twin-band boundaries for grain 
boundaries. The distinction is usually" readily made on the 
basis of the straightness of twin-band edges and the fact it is a 
'band, i.c., has parallel sides. Use of an etch that differentially 
colors grains of different orientations facilitates grain-size deter- 
minations. These may be made in four different way^s; (1) by 
taking a section of known area, counting all grains contained 
within that area, and adding half of those intersected by the 
edges; this gives the average number of grains per unit area; 
(2) the number of grains per unit area can be converted to a figure 
representing average grain diameter by making certain assump- 
tions as to the shape of the grains; (3) the number of grains 
intersected by a straight line, of fixed length, drawn at random 
across the image (or micrograph) of the structure may be taken 
as representative of the grain size; this method, which is coming 
to be employed for tool steels (page 180), is useful in a qualita- 
tive sense; (4) the grain structure at a specific magnification can 
be compared \dth standard structures of known grain size 
(reproduced in the '^Metals Handbook,'^ A.S.T.M. Standards, 
etc.) at the same magnification or, by use of a conversion factor, 
at a different magnification. This last method is quickest and 
about as accurate as the other, more tedious methods. It is 
equally useful in most work since, by all methods, measurement 
is made on a two-dimensional view of a three-dimensional object, 
and the resulting data are not absolutely quantitative. Another 
method, less quantitative than the previously listed types, 
employs the appearance of a fractured specimen, usually obtained 
by impact stressing of a notched bar. If the notch prevents the 
localized deformation that usually accompanies a metal fracture, 
the appearance of the surface is indicative of the grain size. This 
quick test will give a very useful qualitative indication of grain 
size. A standard set of fractures of tool steels is available to 
enable a more quantitative d^cription of results for these 
materials. 
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PROPERTY CHANGES UPON ANNEALING 

Tlie recovery range of annealing has already been defined as 
one where hardness and strength are little affected, but stresses 
are at least partially removed and thus susceptibility to stress- 
corrosion cracking is diminished or eliminated. Residual stresses 
are undoubtedly related to nonuniform positions of individual 
atoms in the lattice with respect to one another (microstresses), 
or very large blocks of atoms to other blocks (macrostresses). 
In either case, the atomic displacements must be elastic. When 
the temperature is increased, the elastic strength of the metal is 
diminished, and the stresses cause plastic flow, or block move- 
ment toward equilibrium positions, that reduces the stress. 
The temperature-time relationships requhed to reduce the stresses 
to a given value may be calculated from creep (flow vs. time) 
data, but are more readily determined experimentally by forcing 
a strip of material to assume a specific curvature (using three 
pins with the center one out of line) with a resultant calculable 
tensile stress on the convex side, balanced by an equal compres- 
sive stress on the concave side. If the stresses are elastic, the 
beam will spring back to straightness when removed from the 
fixture. If the bent beam is heated for various times in the recov- 
ery range, the degree of stress relief can be measured by the 
tendency to '^spring back” to straightness. When stresses are 
completely removed, the strip will remain permanently in the 
curced position.^ It has been experimentally observed that 
the troublesome macrostresses in cold-worked metals can be 
largely diminished by plastic flow in the recovery range, without 
materially reducing the microstresses, altering the appearance of 
the cold- worked structure, or reducing strength and hardness 
properties. 

The reci%"stallization range, in which the deformed structure is 
replaced by new, undistorted crystals of the same type, is a range 
of rapid transition of properties from those of a strained to a 
strain-free structure. Thus hardness and strength diminish, 
and ductility, as shown by elongation values in the tensile test, 
incre^s (Fig. 3). Higher annealing temperatures, which 
increase the grain size, correspondingly decrease the number of 
gr^ boundari^ which, it will be recalled, offer discontinuities to 

^ KBMPFand Van Horn, Metak Tedk., A.I.M.E., 8, June, 1941. 
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-lip or deformation. Thn^. grain coai^niiig is accompanied hy 
further 'decreases in strength and hardness and by increases in 
plasticity. The effects of the factors of prior deformation and 
temperature are shown in Table TV. and the €^ffect of the tim(‘ 



Fi<». 3. — Tht* effect of cold-working and aimealing on some properties of common 
high !>rass <ct>5 per cent copper. 35 per cent zinc). 


factor may be indicated by saying that doubling the time would 
probably give about the same data for temperature 10®C. lower 
than those shown. 

A more detailed discussion of the factors affecting recrystal- 
lization temperatures and grain-growth characteristics is ^ven 
in the ‘“IVTetals Handbook.’’ A summary of the more important 
influences follows : 

1, Reerystaliization starts at a lower terapemture and is compIeTCHl within 
a narrower temperature range: 

a. The heavier the prior deformation. 

b. The finer the prior grain size. 

c. The purer the metal. 

d. The longer the temperatures of annealing. 

2. The recrystaliked grain size will be smaller: 

a. The lower the temperature (above that required for recrystallizatioui. 

b. The shorter the time at temperature. 
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c. The shorter the time heating to temperature (increased iiucleatiou). 

d. The heavier the prior reduction. 

The more insoluble particle present, or the more finely they are 
dispersed. 

Tablk IV. — Axxeaung of Speoimexs from Table II 
Copper, T. P. Elec. 70: 30 brass* 


Annealing temp. Prior reduction 


and time : 

1 

30 

oO^c , 

i 

80 Vc 

50 To 
F.G. 

50% 

C.G. 

T.S. 

EL 

G.S. 

1 

Xone (cold-worked) 

RH86 

RH9ll 

RH95 

RX99 

RX97 

80,000 

8. 


150°C. 30 min. . . 

85: 

90: 

94 

101 

98 

81,000 

8. 


200Th *• 

80 

88' 

93 

102 

100 

82,000 

8. 


250=C. 

74 

75 

65 

103 

101 

82,000 

8. 


300=C. 

61 

54 ; 

42 

82 

98 

76,000 

12.1 


350®C. “ 

46: 

40j 

34 

i 66 

80 

60.000 

28. 

0.02 

450^C. . . . i 

24i 

22 ! 

27 

50 

58 

46,000 

51. 

0.03 

600T. * 

15 

17 

22 

38 

34 

44,000 

66. 

0.06 

750=C. * 

Final grain size. . . . 

0.15 

0.121 

o.ioj 

20 

0.08 

14 

0.12 

42,000 

70. 

0.12 


* F.G. = originally fine grained, C.G. == originally coarse grained; T.S. = tensile 
siraigth in pounds per square inch; EL = elongation, per cent in 2 in.; RH « Rockwell 
scale, ball, 60-kg. load; RA. = ball, 7o-kg. load; G.S. == grain size in 

Kiillimeters. 

It is e\-ident from statements Ic and 2e that soluble impurities 
or allojdng constituents, such as zinc in copper, raise the recrys- 
tallization temperature while insoluble constituents, such as CU 2 O 
in copper, do not noticeably affect the temperature of recrystal- 
lization but decrease the recrystallized grain size. This latter 
effect is widely used commercially to obtain ^fine-grained struc- 
tures in annealed metals. 

The grain size obtained after holding a specific time will be 
increased if the metal is reheated to a higher temperature, but 
will be stable, una^ffeeted by all low^er temperatures, unless the 
time is increased verj- considerably (e.g., multiplied by about 
1,000 for lOO^C. lower). 

The preferred orientations fovmd in deformed metals after 
relatively high reductions are not obliterated by the recrystalliza- 
tion and grain growth accompanying subsequent anneals; in fact, 
the directionality of properties may be greater. It is certain 
to be more troublesome, since disks blanked from rolled and 
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annealed .sheet are frequently drawn into cups or tubes, and, if 
the crystals are oriented in preferred directions, the fl{)wability 
11114 al will tx‘ greater in ct^rtain directions and, correspondingly, 
the drawn cups will not Ix^ iiniforin at the top edge but will have 
high sections fcuAv) of lesser wall thickness. The directional 
profXTties of ilifferent metals vary; upon cupping, some show 
four eiiio lit aiid t*U deg. to the rolling direction, others four 
eai^ at the 45-deg. position, while hexagonal and, occasionali\’, 
cubic metals may show six eai^. Since the directional properties 

Table V. — Dihectioxal Propertied of Axxealed 90:10 C'rrZx ALUiY 

Tensile strength Eiongaiion 

Height 

Angle, specimen axis to rolling direction of ears, 

— - — iri.t 

0 deg. 45 deg. 90 deg. 0 deg. 45 deg. 90 deg. 


A* Axin. 500=C; 0.01 



mm. grain ske. . . . 

42,00041,000 42.000 

41 

44 

44 


.4 

.\nn. 800"C.: 0.07 







inni. grain ske. , . . . 

:46, 000 36, 000 37, 000; 

39 

45 

44 

0.01 

B 

Ann. 500"C.; 0.01 

! i 






mm. grain size 

47.00045.00045,000 

37 

41 

42 

0.01 

B 

.\im. SOOTh: 0.04 







mm. grain >ize 

39.00036.000 38,000 

37 

44 

45 

0.03 

C 

Ami. 500 C.: O.Oi 







mm. grain size 

48.00045,000 44,000 

38 

41 

40 

; O.Oi 

C 

Ann. SOO^C.; 0.05 







mm. grain size 

40,000 33.000 34,000 

32 

47 

48 

0.05 


* A, B, and C are same si^eeimem as iibml in Table III. page 34. 

t Ears on cups 0.6 in. deep by 1.12 in. diaaieier occurred at 45 d^. to the rolling direetion. 


generally increase, not only with increased prior reduction but 
with increased temperature of annealing, it would seem that not 
only do nuclei during recrystallization tend to show' a preferred 
orientation but, more important, during grain growth, crystals 
oriented close to certain positions are favored and absorb their 
less fortunately situated neighbors. Data on the extent of the 
property variations, Table V (these are from the same com- 
mercial bronze as tested, in the cold-w'orked state, for the data of 
Table III), indicate that, in annealed metal, elongation values 
are more sensitive to directionality than strength. 
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The considerable amount of research in the field of preferrec 
orientations in annealed metals has not defined in a quantitative 
sense the mechanism of their origin and development, but hag 
revealed the conditions that tend to increase directionality; i.e., 
hea\";^^ penultimate (next to last) reductions, and low penultimate 
annealing temperatures and high temperatures of final annealing. - 

The change of properties wdth direction of testing is also known 
as fiber or texture^ The “fiber'' of these rolled and annealed 
metals, based on preferment of crystallographic orientations, 
should not be confused Tvith the “fiber" of wrought iron, oi 
similar metals, where the effect is mechanical, caused by the 
presence of slag stringers, all distributed in the rolling direction. 

Large grain structures are frequently favored for their softness 
and ease of deformation. However, not only are they more 
likely to show directional properties, but the deformation 
process, necessarily operating in different crystallographic direc- 
tions in each grain, causes some to rise and some to fall (from the 
original plane surface). This may result in a very undesirable 
surface roughening, or orange-peel effect, at least in sections where 
it is not suppressed by the deforming tool, e.p., the roll surface. 

It is now po^ible to define hot- working more positively; f.c., 
deformation at temperatures above those required for recrystal- 
lization in the short times involved. The structural result of 
hot-working may be little different than that of cold-rolling and 
annealing; the final grain size in each vill be largely determined 
by the degree of the reduction, the temperature of the metal after 
deformation is completed, and the time at that temperature. 
Metal cr>"stal lattices are expanded at higher temperatures, and 
the specific planes that function in the deformation process at 
low temperatures are not the only ones participating in the flow 
process at elevated temperatures. For example, hexagonal 
metals, such as zinc and magnesium, are quite plastic at high 
temperatures, regardless of the crystal orientation, since slip is 
not confined to the basal plane but may also occur on pyramidal 
or prismatic planes. This and other factors, such as the lower 
atomic binding forces, mean that less force is required for initial 
deformation and this force does not increase during flow since no 
hardening occurs unless the rate of straining is very rapid. 

^ Btjkghoit* and Bohi^n, Mef. Tech, AJ.M.E., 9 , January, 1942, 
PAiMmn and Smith, Met, Te<k, AJ,M,E,, 9 , June, 1942. 
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EKGINEEMNG APPLICATIONS 

The iionferroiis metalsj copper, aluminum, nickel, and their 
tiiloy.s, are commonly furnished in various conditions of ^ ^ temper 
obtained by cold- working after annealing. Ct>ld- working 
rolling, drawing, etc., to decreasing thickness, is frequently 
measured in Brown and Sharpe gauge niiml>ers, and the temper 
of brask< mill products is commonly designated in terms of the 
reduction by gauge immlx^rs. 


B. & S. miiis'iion 

lV!iiper 

desigiuitioB 

Reduction: 
sheet, per cent 

Reduction : 
wire, per cent 

1 

Quarter hard 

10 95 

20.70 

2 

Half hard 

20 70 

37.11 

4 

Hard 

37.11 ; 

60,45 

6 

Extra hard 

50.13 

75.12 

S 

Spring temper 

60.45 

84.36 

10 

Extra spring 
. temper 

6S.53 

90.16 


Lead and tin do not strain-harden at ordinary room tempera- 
tures but recrystailize spontaneously following cold plastic 
rieformation. Zinc, when very pure, behaves similarly, but 
commercial gradfe> can be hardened somew^hat by cold-w’orking. 

The plain carbon steels containing very little carbon, such as 
S-A.E. 1010 and 1015 0.10 and 0.15 per cent carbon), are very 
commonly cold-worked to raise their strength, and this is also 
done with liigher carbon steels in certain applications, such as 
eold-roiied shafting or cold-drawn wire for wii*e cable. The 
George Washington Bridge across the Hudson River, for example, 
is borne by four 36-m. cables, each composed of 61 strands of 
434 wires each, 0.192 in. diameter, cold-drawn from f^-in. 
patented (sorbitic) rod containing about 0.8 per cent carbon. The 
rod had a tensile strength of about 170,0(X) p.s.i. and elongation 
value to 8 per cent before drawing, compared to 240,000 p.s.i. 
and 2 to 3 per cent, respectively, after drawing. In most 
other applications, how^ever, steels containing 0.3 per cent or 
more earlx)n are usually heat-treated to develop optimum 
strength properties. The familiar 18-8 chrome-nickel (low- 
carbon) stainless steel is not improved by heat treatment but 
can be approximately doubled in strength by cold-working and 
is used extensively in this condition. 

QUESTIONS 

KftfwAATi — {n\ film (hiS l!r\€^ nf liftforma- 


t TT. 
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2. Draw curves showing effect of cold-work on the tensile properties ctf 
brass (from Table II). 

3. Explain the course of the cold-rolling curve for zinc (Table II). 

4. Arrange the following metals in the order of increasing temperatures 
of recrystallization; copper, tin, tungsten, lead, iron, nickel, aluminum. 

6. Draw curves showing the effect on hardness, strength, per cent elonga- 
tion, and grain size upon annealing spring brass (50 per cent reduction of 
initially coarse-grained material) at temperatures ranging from 100 to 
700°C. (Table IV) . Mark on this graph the recovery ^ recrystallization, and 
grain-growth temperature ranges. 

6. Vliat would be the best temperature range for annealing this bra^ 
(question 5) if it were to be used in making reflectors (drawn, polished, and 
plated)? Why? 

7. Why would somewhat higher temperatures be used in intermediate 
annealing operations during cold-rolling in the mill? 

8. Aluminum sheet, after cold-rolling and annealing, wms found to be 
approximately 2 per cent oversize in thickness. "Wliy would it be undesir- 
able, or dangerous, to reroll to final gauge and then anneal at the high 
temperature which would be required to remove the eff ects of this slight cold 
reduction? 


REFERENCES 

“Metals Handbook,” sections on Recrystallization; Plastic Deformation 
of Iron; Effect of Cold Work on Properties of Iron. Data on the many 
nonferrous metals which are cold-worked and annealed may be found in the 
appropriate sections of the handbook. 



CHAPTER TV 


SOLID SOLUTIONS: 

COPPER-NICKEL AND OTHER USEFUL SYSTEMS 

Liquid soiiitiori<, water and alcohol, are mixtures of two 
components where the tem|>erature or the composition can be 
varied without the creation of a second phase. Analogously, 
s(ilid solutions are mixtures of two metal elements in which con- 
centration or temperature can be varied tlirough a considerable 
range without changing the type of crystal structure of the alloy, 
a one-phase stnicture. Commercially important solid-solution 
alloys generally have the crystal characteristics of the element 
present in greatest amount, Lc., the solvent metal. For example, 
in the a brasses discussed pn^dously, up to about 38 per cent of 
zinc can be added to copper without changing the type of crystal 
structure and with only motlerate, continuous changes in other 
basic characteristics of the copper. It is impossible to distin- 
guish between the two elements in the ordinary solid-solution 
phast‘. In the usual substiiutional type solutions, one type of 
atom, the solnte, is substituted for the other, the solvent j at ran- 
dom points on its lattice. In the interstitial type of solution 
(see iron-carbon alloys. Chap. ATII), atoms of the added element 
are present in the intei-stiees of the solvent lattice. It will be 
the practice throughout this book to refer to terminal solid solu- 
tions, w’hich have the structure of one of their component metals, 
as alpha (or a) phases, with a subscript added to denote the 
solvent metal or element wiien more than one such solution 
ap|)ears on the diagram. 

PHASE DIAGRAM 

Charts showing the relationships betw'een the phases present 
in an alloy system as a function of the temperature and composi- 
tion are called phase, constitutional, or equilibrium diagrams. 
All the diagrams given in the “^letals Handbook’' are ''equi- 
librium” diagrams, meaning that the alloy phase condition 

47 
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indicated for a given temperature and composition will show 
absolutely no change or tendency to change witli time. Tb 
stable or equilibrium condition is dynamic; atoms are not 
stationary, but the gross summation of all movements is zero. 
The following generalizations will be helpful in applying abstrart 
charts to specific alloy systems; e.g., the copper-nickel system of 
Fig. 4: 

1. Single-pha^e fields (for example, those marked liquid or a) 
must be separated by a two-phase field containing some of eaii 
single phase {e.g., the field of liquid plus a). The upper Ike 



defining the liquid + oc region is called the liquidus and the lower 
line, the solidus, 

2. When an alloy of a fixed composition is heated or cooM 
past the temperature indicated on a diagram by a line, there is n 
partial (for sloping lines) or complete (for certain points oa 
horizontal lines) change of phase and a concommitant absorb- 
tion, or release of energy, in the form of heat. Thus, on coolmg 
a 70:30 Cu-Ni alloy (composition a) past the liquidus, some 
solid crystals of the a phase start forming, and the release of their 
heat of formatiLon caus^ a change in slope of the cooling curve. 
It is this effect which is utilized to determine the temperature at 
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whicii .solidification begins, or the minimum temperature to which 
an alloy must he heated to insure complete melting. 

3. In a two-phase field, the composition of each phase at a 
sfx^cifie temi^rature is given by the intersection.s of a horizontal 
line, dra\\Ti at thL< temperature, with the phase field boundary 
lines. Thus, at thf^ temperature indicated by the horizontal 
lint- tlie liquid! iias thi‘ composition of a (30 per cent Xi) and 
the solid the composition of b (50 per cent Xi); at the line cdj the 
liquid and solid pliase compositions would be, respectively, 22 
per cent nickel and 40 per cent nickel; etc. 

4. The relative proportions of each phase in a mixture of tw'o 

phases, knowing the tem|XTature and composition of the alloy, 
is given hy the /# :> /’ . This states that, for an alloy in a tw'o- 

phase field, the proportionate amount of each phase is given by 
the ratio of the difference hetxceen the gross alloy composition and 
that of the other phase to the difference in composition of the two 
phases. Thus, in the diagram, the 70:30 Cu-Xi alloy, at the 
temperature of the horizontal cd, contains a of composition d 
and liquid of composition e. The proportionate amounts of each 
would Ixu 

eoo) = 

Generalization 3 requires that the composition of the solid 
phase must change during the interval of solidification over a 
failing temperature. Under equilibrium conditions, this adjust- 
ment of composition would occur throughout the solid phase, 
which would be forming open, treelike crystals called dendrites. 
However, equilibrium is practically never achieved in commercial 
citing processes, and the first dendritic nuclei are richer in the 
higher-melting-point element than the successive layers formed 
at lower temperatures. The average composition of the total 
solid phase, in this case, will not be that showm by the phase 
diagram for a given temperature, e,g,, point d at temperature cd 
(see Fig. 4); it will contain more of the higher-melting-point 
element, perhaps that given by point d'. This difference in 
composition from center to edge of a dendrite may remain as a 
r^uit of the slowness of atomic interchange or diffusion. (Chi- 
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iiese bronzes over 3,000 years old show this dendritic composition 
difference.) The 70:30 alloy should be completely, solid when it 
reaches the temperature of the lower phase field boundary line 
;at point a")? but under nonequilibrium conditions, the average 
solid-phase composition ^\A^\ be at some point near / and some 
liquid vili remain; specifically, 

^ T . (100) = 32% liquid and 68% solid 

/ — <? 3/ — lo 

The presence of some liquid in a solid-solution alloy, cooled 
from the liquid state to the solidus line, results from the failure 
of diffusion, between the two types of atoms, to maintain the 
composition of the growing, solid-phase dendrites at the equilib- 
rium concentration. The amount of liquid present here depends 
on the time permitted for diffusion during solidification. The 
more rapid the freezing, the farther will be the departure from 
equilibrium and the greater will be the amount of liquid present. 
Even under relatively slow’ cooling conditions, such as might be 
employed in thermal analyses for the determination of this 
phase diagram, the solidus temperature is never w’^ell marked on a 
cooling curve. After the solidification of the last liquid is com- 
pleted, cooling may speed up slightly, but seldom is there a w’ell- 
defined change in slope at a specific temperature. Liquidus 
temperatures may be depressed by undercooling because of slow- 
ness in the formation of the first dendritic crystal nuclei, but this 
effect can be minimized by agitating or stirring of the melt or, 
in some cases, by artificial nucleation. The pasty condition of 
the nearly solidified alloy prevents stirring and, although the 
required diffusion w’ould be accelerated by deformation, that is 
difficult to accomplish with the alloy in a crucible or mold and 
still partly liquid. Solidus temperatures, however, may be 
readily determined by heating a homogeneous solid solution to 
successively higher temperatures. If the alloy is simultaneously 
subjected to a slight stress, it deforms plastically while entirely 
solid, but as soon as the solidus temperature is reached, liquid 
(enriched in the lower-melting-point element) forms at the grain 
boundaries, and the alloy breaks wdth an intercrA’stalline failure 
(hot-shortne^). If the alloy is quenched from just above the 
solidus, evidence of the existence of the liquid phase at that tem- 
perature is preserved and can be identified micrographically by 



nfM'hli-Mf’KHL AXh (iTIlEH i’SKFil. SYSTEMS 


51 


*^1 il> diftVn^rit ruiiipor-itiuii. cMjnstitutt^.s a >«*eond 

method of doteniiining >ulidu*> liners. 

MICRO STRUCTURES PLATE IV i 

All Etched with Potassii’m Bichromate 
AND Fi'iLLic Chloride Solution 

Plate IV, Fig. 1. So per cent Cu~15 per cent Xi^ as chill-cast; 
X50. This structure is compiled of small dendrites of a single 
phase, the a solid solution. There is a very considerable differ- 
ence in nickel content from the central axes of the dendrites to 
the mi<!spaee bi*t\vecTi axes, a- ]>redicted fnjni the considerations 
preriousiy deserilx^. This is a me^tastable structure which is 
commonly deseril>ed cored dendrites (from the continuous 
differences in composition from the interdendritic spaces to the 
cores). Upon etching, the nickel-rich, liendritic cures are not 
dissolved as rapidly as the copper-rich filling; thus the surface 
of the etched specimen consists of a series of ^Tiills’’ and “val- 
leys.’* The dendritic details obscure grain boundaries, although 
several differing grain orientations may Ix" found by studying 
the directions of the dendrites. 

Plate IV, Fig. 2. 85 per cent Cu-15 per cent Xi, as chill-cast 

and heated 3 hr. at ToO'^C.; X50. The cored dendritic structure 
has changed only slightly. Counter diffusion of copper and 
nickel atoms between the nickel-rich cores and copper-rich 
fillings has decreased the composition differences somewhat and 
thus slightly reduced the height of the “hills'* and depths of the 
“valleys." Careful examination of the structure shows some 
evidence now of grain boundaries. 

Plate IV, Fig. 3. 85 per cent Cu-15 per cent Xi, as chill-east 
and heated 9 hr. at 950®C. ; X 50. This lengthy, high-temperature 
treatment has completely homogenized the east structure, f.e., 
equalized the composition at all points. Grain boundaries are 
clearly e\Tdent, and their irregular shape is frequently encoun- 
tered in cast and homogenized solid solutions, the irregularity 
being related to interpenetration of dendrites growing in the 
liquid alloy. Black particles are copper oxide or nickel oxide 
inclusions. The grain size is no larger than in the original cast- 
ing since grain growth does not occur in castings, except when 
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they have been previously strained by some stre-as (externally 
applied or originating from contraction during cooling). 

Plate l\\ Fig. 4. 85 per cent Cu--15 per cent Xi, as cast in a 

fiot mold and slowly solidified; X50. This dendritic structure is 
considerably coarser than that of the ehill-cast alloy (Plate IV, 
Fig. 1). The cells represent nickeFrich areas (low hills) and the 
narrow, approximately parallel, lines outline the interdendritic 
copper-rich valley areas. The black, vaguely outlined areas are 
shrinkage cavities which, it should be noted, occur in the parts 
last to freeze, f.c., the copper-rich areas. A single grain boundary, 
diagonally traasversing the field along the interdendritic spaces, 
Ls also visible. 

Plate lY, Fig. 5. 85 per cent Cu-15 per cent Ni, as cast in a 
hot mold, slowly solidified, and then reheated 15 hr. at 950°C.; 
X^. In this homogenized structure, the grain size is consider- 
ably coarser than that of Plate I Y, Fig. 3, more so than is evident 
in this photograph, which was taken at the intersection of three 
grains. Again, copper, or nickel, oxides are \dsible and also some 
shrinkage carities. The time required for homogenization of the 
coarse dendrites was greater than that for the fine dendrites, in 
spite of the lesser initial composition differences across the coarse 
dendrites. The reason is that the distance through which copper 
and nickel atoms must diffuse is so much greater in the coarse 
structure. 

Plate lY, Fig. 6. 64 per cent Cu-18 per cent Ni-18 per cent 

Zn; XlOO. This is a longitudinal section of a wrought alloy, 
called '^nickel silver '^ because its color approaches that of silver. 
It is frequently used as a base for plated silverware and other 
applications for which its color, corrosion resistance, and strength 
are adapted. This micrograph of commercial metal, in the hot- 
worked condition, shows that the cored dendritic structure has 
not been homogenized in spite of the fact that deformation 
accelerates homogenization. The increased softness of the 
homogeneous metal in these alloys is seldom worth the costs of 
the prolonged, high-temperature anneals necessary to obtain 
complete homogeneity. 

CAST MACROSTRXTCTTJRES 

Upon very slow cooling of a liquid alloy with all of the metal 
mMntained at a uniform temperature, solidification will start 
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just below the temperature shown by the liquidus line of the 
phase diagram. A few nuclei, distributed throughout the liquid, 
will form, and each will grow in all directions (as dendrites) to 
form a coarse, equiaxed grain structure. If the entire liquid 
cools uniformly but rapidly, many more nuclei originate in 
the melt and produce a finer grained equiaxed structure. If one 
part of the liquid cools rapidly and another slowly (as in industnal 
casting processes where a hot liquid is in contact with an originally 
cool mold), nuclei \yi\l form only where the liquidus temperature 
is first attained, f.e., at the mold wall, and these nuclei wdll grow 
in the direction of the thermal gradient, giving elongated or 
columnar crystals. Later, the center, or hotter part, of the cast- 
ing may reach the liquidus temperature before columnar crystals 
have grown into this section, and here equiaxed grains may be 
found. Thus, in castings, it is possible to have combinations of 
coarse and fine, columnar and equiaxed crystals. By controlling 
liquid and mold temperatures, thermal conductivities and relative 
masses, it is possible to exercise considerable control of cast struc- 
tures. A fine equiaxed grain structure is usually desired for its 
greater strength and hardness (Chap. III). If impurities are 
present at grain boundaries, they will be more finely dispersed 
in a fine-grained structure and, therefore, less troublesome. This 
is particularly true when the casting is an ingot which is sub- 
sequently to be rolled; a coarse-grained structure is far more likely 
to crack in the early stages of working, and the brittleness is 
related to impurity concentrations at grain boundaries. 

SEGREGATION 

Dendritic segregation on a microscopic scale is called coring 
and may explained hy using the phase diagram in the manner 
already discu^ed. On a macrographic or full-size scale, a 
similar effect is noticed in that the first parts of a casting to freeze 
are enriched in the higher melting phase while the parts last to 
solidify (generally, top center sections) are emdched in the lower 
melting-point constituents. The effect is statistical in nature 
since both sections will exhibit coring. The resulting non- 
uniformity of chemical composition is known as normal segrega- 
tion and differs only in dimensions from coring. A third type of 
sep^ation is the reverse of this; z.e,, the parts of the casting 
first to freeze are enriched in low^'-melting-point constituents. 
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Th»/ i> ealled ifivt-fisf. ntgregaiion. It Ls primarily c-aused 

by the eoiifraetion uf solidifying dendrites which tends to enlarge 
till' intf'riieiidritie channels. A> ihe<e open up, a resultant 
>iietioii effect draws residual Iif|uid metal, enriched in solute 
atoms for low-melting-point constitueiitsj, through the channel 
to thf* surface. Tht^ action may Ik* aidcK'l considerabty by an 
iuTen.a! :.a‘ — from tiie rt'lease of dissolved gases. Thus 
^ri.in sweat,*’ exudiitions rich in tin, may form on the surface of 
till bronze castings when the liquid metal contains appreciable 
amounts of dissolved hydrogen which is released as gas in a late 
stage of solidification and forces the tin-rich licjuid at the center 
of the easting through the interdendritie channels to the surface. 

(doriiig may !>* ronipletely eliminated by diffusion (homo- 
genization) treatments at high temperatures as showm by the 
photomicrographs. Normal and inverse segregation are little 
affected by such treatments because of the tremendous dis- 
tances ?on an atomic scale) involved. 

PROPERTIES 

The effVt't of solute concent rat ion on some mechanical and 
physical properties of two co|)per-base solid-solution alloys^ the 
copper-nickel and a brass series, is indicated by the data of 
Table VI. 

The properties of annealed solid solutions are so affected by 
the grain size of test specimens and by soluble impurity elements 
that it is difficult to obtain comparable data for specimens repre- 
senting concentrations across an alloy diagram. Recrystalliza- 
tion temperatures and grain-growth characteristics are affected 
by both solute concentration and impurities. Consequently, 
the data given here are not necessarily the same as would be 
obtained with industrial alloys and should be taken only as 
qualitatively indicative of the effects of dissolved elements. 
These, and other data not reproduced here, lead to the follow- 
ing general conclusions: 

1. Mechanical properties show moderate, gradual changes, 
generally of considerably less magnitude than those effected by 
cold deformation. Strength and hardness (by indentation tests) 
are always increased, although not necessarily in a parallel man- 
ner. In a continuous series, such as the copper-nickel alloys, 
this requires maximum values for strength and hardness, although 
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Table VI. — Properties of Axxbaxed Copper Solid Solution Alloys^ 


Solute 

(roncentra- 

tion 

Tensile 
strength , 
p.s.i. 

Per cent 
elonga- 
tion 
in 2 in. 

BrineU 
hardness, 
10 mm., 
500 kg. 

Lattice 

param- 

eter, 

X 10“* cm. 

Electri- 
cal resis- 
thuty, 
mi- 
crohms 
per cm.^ 

"Self- 
potential” 
(see page 
59) 

Per cent Ni: 
0 

30,000 

53 

36 

3.6073 

1.7 

— 65. mv. 

10 

35.000 

47 

51 

3.5975 

14. 

- 45. 

20 

39.000 

43 

58 

3.5871 

27. 

- 25. 

30 

44.000 

40 

67 

3.5770 

38. 

+ 10. 

40 

48,000 

39 

70 

3.5679 

46. 

+ 55. 

50 

50.000 

41 

73 

3.5593 

51. 

-hl05. 

60 

53,000 

41 

74 

3.5510 

50. 

+ 150. 

70 ’ 

53.000 

42 

73 ! 

3 . 5432 1 

40. 

+ 185. 

80 

; 50,000 

43 

68 

3.5350 1 

30. 

+205. 

90 

48,000 

45 

61 ! 

3.5265 

19. i 

+215. 

100 

43,000 

48 

54 

3.5170 

6.8 

+225. 

Per cent Zn: 
0 

32,000 

46 

38 ' 

3.6073 

1.7 


5 

36,000 

49 

49 

1 3.6176 

3.1 


10 

41.000 

52 

54 

i 3.6275 

3.9 


15 

42.000 

56 

58 

3.6378 1 

4.7 


20 

43,000 

59 

56 

, 3.6488 

i 5.5 


25 

45,000 

62 

54 

' 3.6612 

6.3 


30 

46,000 

65 

55 

; 3.6735 1 

6.6 1 


35 

, 46,000 

60 

55 

i 3.6864 

6.7 


40(« -f ^0 

54,000 

45 

75 

1 3.6940(a) 

1 1 




the two maxima do not necessarily come at the same concentra- 
tion. The changes in these properties are not linear in most 
cases. Considerable effort has been devoted to find an explana- 

^ Mechanical property data for high-purity copper-nickel alloys from 
Broniewski and Kul^za (Metaiix et Corrosion, 12 , 67, 1937). Data in 
'‘Metals Handbook” show decidedly higher strengths for copper-nickel 
alloys because soluble impurities (e.g,, Mn) are present and the alloys prob- 
ably had a finer grain size. Mechanical property data for brass alloys 
are from a Chase Brass & Copper Company Bulletin for commercial alloys 
of moderate grain size. Lattice parameter data (from Owen and Pickup) 
indicate changes in the size of the unit cells of the alloys effected by the 
^lute atoms. ''Self-potential” data for copper-nickel alloys and the dis- 
cussion of related corrosion properties on p. 59 are from the Research 
Laboratory of the International Nickel Co. The 40 per cent zinc alloy 
marked (a 4- il') is a two-phase alloy, as hot-roUed (see p. 99). 
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tioii for the diiterence*^ in solid-^ioliition hardening as effect-ed by 
different solute elements. Xo consistent correlation has been 
found between the hardness increa<:e and tlie type or size of the 
>oiiite atom, although usually the hardening (‘ffect is greatest 
wiien the solubility is restrieunl. F<»r i^xample. to increase the 
hardness of pure eo|}per from Meker> DPX 40 to 54, the follow- 
ing atoniir ration oi eaeii of the respec'tive solute elements 

is required: Antimony, O.fi per cent; arsenie, 3.0 per cent; man- 
ganese, 4.6 }>er cent ; silicon, 4.6 per cent ; alumimmij 4.7 per cent; 
zinc, 12.1 per cent: or nickel, 13.2 per cent (data by R. P. Angier 
on pure binary alloys annealed to a uniform. 0.035-mm. grain 
size). 

It appears that the most rapid hardm^ss increases are found 
when the potential solubility is least, although there are some 
e.xceptions to this generalization ie,g., manganese). 

Table VI shows that the effect of solid-solution elements may 
be to increase or decrease ductility insofar as that rather vaguely 
defined proj^rty is indicated by tensile-test elongation values. 
In most cases, the trend of elongation valuta probably varies 
inversely with that of strength and hardrmss, })ut silicon, zinc, or 
tin seems to increase the ductility of eopi>er. 

2. Physical propertie§ also vary with solute concentration. 
Electrical conductivity is always decre^a^cHl, or conversely, 
resistivity increased, although to a different extent by different 
solutes. In a complete alloy series, such as copper-nickel, this 
requires a maximum in r^isti\ity at some intermediate alloy 
concentration. Other characteristics, such as the size of the 
lattice, as indicated by the length of the edge of the unit cube or 
lattice parameter, vary linearly or approach a straight-line rela- 
tionship (Vegard’s law). Both copper-nickel and copper-zinc 
alloys show a negative deviation from linearity, but the difference 
is not known to have any .significance. 

The lattice parameter relationship is important in considera- 
tion of the effet't of coring, and its elimination, on mechanical 
properties. A specimen such as Plate IV, Fig. 1, with a fine 
dendritic, heavily cored structure cannot have a uniform slip 
system existing across one grain for, as the lattice periodically 
is contracted and expanded by the variation in nickel content, 
the potential slip planes must exhibit a related nonuniformity. 
Thus a greater stress is required to cause deformation, and the 
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metal is relatively harder and stronger than it would be in the 
homogenized condition with a uniform lattice. The coarser- 
dendritic structure of the specimen in Plate IV, Fig. 4, would 
show intermediate strength or hardness values. 

Solid-solution alloys are not customarily used where strength 
or hardness is of paramount importance. Their basic properties 
are ductility approaching or, in some cases, surpassing that of 
the pure solvent metals, plus moderately increased strength 
properties and other special properties derived from one or more 
of the components, a brasses are cheaper than copper (since the 
addition agent, zinc, is cheaper), stronger, and yet show good 
corrosion resistance and excellent ductility. Cupro-nickels have 
much improved corrosion resistance as compared to both copper 
and brasses. In all other cases, comparable compromises of 
special properties may be obtained in solid-solution alloys. 

It is interesting to list alloy systems that show complete solid 
solubility at all temperatures. The more important ones, 
together with their lattice arrangements, include: 

Xi-Cu, Xi-Co, Xi-Pt, Xi-Pd (face-centered cubic). 

Ag-Pd, Ag-Au, Au-Pd, Pt-Rh, Pt-Ir (face-centered cubic). 

W-Mo (body-centered cubic) ;Bi-Sb (rhombohedral hexagonal). 

Another group of alloy systems includes elements which are 
completely soluble at some elevated temperature in the solid 
state but which, in some range of concentration, change structures 
at lower temperatures. Frequently, the structural change does 
not involve any change in lattice type, which remains that of 
original solid solution. However, in this lattice, the two types of 
atoms do not remain randomly dispersed but occupy preferred 
lattice sites. For example, the face-centered cubic lattice con- 
tains four atoms per unit cell, one corner atom (eight unit cells 
share the atom at each of the eight corners per ceU) and -three 
face-centered atoms (each of the six face-centered atoms is 
shared by two cells). In a random solid solution, the four atoms 
in each cell may be of either solute or solvent elements, but at a 
concentration of three atoms of element A to one of element B 
(e.g,, 75 atomic per cent Cu and 25 atomic per cent Au), 
three atoms of type A may, at some temperature, occupy the 
face-centered positions and the one atom of B may occupy the 
comer positions of each unit cube. This lattice is no longer a 
simple solid solution but is called an ordered solid solution. 
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Siiic'e ordering strongest at simple atomic ratios and usually 
results in marked abnormalities of properties, usually an increase 
of eieetrieal conduct i'l’ity, of strength and a loss of ductility^ 
ordered structures are sometimes thought of as intermetallic com- 
|X)iuicLs and their development considered to l>e a change in phase. 
The prescmt tendency, however, is to \h<e the specific descriptive 
term n/S* rid or sometimes supi rlattice and to show the 

effect on phi^se diagranus by dotted lines, since a strict definition 
of the word phisf docss not require ordering to l>e a phase change. 
Systems which are completely soluble at elevated temperatures 
(below the ‘solidiis) but which show, at some concentration, 
either true phase changes or ordered structures include: 

Fe-Cr, Fe-Mn, Fc-Xi, Ft*-Co. Fe-V. Fe-Pt (solution range is 
either body-centered cubic or face-centered cubic, depcmding on 
the solute element X 

Au-Xi, Au-Cu. Au-Pt. Pt-C'u face-centered cubic). 

EHGIKEERIKG APPLICATIONS 

The elect ropotential values for copper-nickel alloys, shown in 
Table \T, are the Itasis of a particularly interesting illustration of 
a compromise in properties that results in an alloy of specific 
industrial iL<e. The data are not true self-potential values but 
actually represent, at each alloy concentration, the millivoltage 
difference, measured in an aerated 3 |>er cent sodium chloride 
solution, between a large clean sheet and a small sheet in contact 
with its products of corrosion.- The plot of potential vs. per- 
centage of nickel gives a curve that passes through a zero value at 
a concentration near 70 per cent copper and 30 per cent nickel. 
Similarly, if a series of copper-nickel alloys were suspended in 
sea water near a harbor, and if the change in weight were deter- 
mined and plotted agaia<t nickel concentration, it would be found 
that the copper-rich alloy lost weight through general corrcM^ion, 
while the niekel-rich alloys had gained weight, by barnacle 
growdh on the metal. Again, the 70:30 compasition would show 
approximately no change in weight. The problem, like most 
corrosion effects, is quite complex but, stated in the simplest 
manner, may be explained in terms of the copper ion concentration 
required to prevent barnacle growth. The high-copper alloys 

^ Nrx and Shockley, “Reriews of Modern Physics,’^ 10, 1938, p. 1, 

® R^earch Laboratory, International Nickel Co, 
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corrode, or dissolve, rapidly enough to maintain the copper ion 
concentration suflSciently high at the surface to poison marine 
growths. The nickel-rich alloys do not dissolve as rapidly, and 
although pitting corrosion occui'S at the point where barnacles 
attach themselves to the metal, there is a net gain in weight 
when that of the barnacles is included. Aside from the question 
of barnacle growth, the 70:30 copper-nickel alloy is specifi- 
cally adapted for use in contact with salt water, e.g., in marine 
condensers. 

Nickel-base alloys are of great importance in the electrical 
field. CampbelFs “List of Alloys’^ gives more than 100 titles of 
electrical resistance and oxidation-resistant alloys in which nickel 
is an essential constituent. Among these are various grades of 
Chromel or Nichromej essentially a nickel-chromium-iron alloy; 
c.gr., Nichrome I contains these metals in the proportions, 60, 11, 
25, with 4 per cent of manganese. An alloy of 80 per cent nickel, 
20 per cent chromium is used for higher temperature (1000°C,) 
ser\ice, while for the highest temperatures (1350°C.) Kanthal- 
type alloys of iron-chromium-aluminum are now used. 

The solution of one metal in the crystals of another increases 
the electrical resistmty, and alloys for rheostats or electrical 
heating appliances are always of this type; e.g,, the Nichrome 
alloys have resistivity of the order of 100 microhms per cubic 
centimeter, about ten to fifteen times that of nickel. The 
A.S.T.M. publishes various standard methods of testing such 
materials (accelerated life test, resistivity, change of resistivity 
with temperature and thermoelectric power). 

There are also several grades of Manganin, e.g,, Cu 84, Mn 12, 
Xi 4, and many alloys of the “nickel-silver,” or copper-nickel- 
zinc type in Campbell^s list. The two classes of alloys are not 
clearly distinguishable. For example, Nichrome may be used for 
electrical heating or (in cast form) for annealing boxes or con- 
tainers to withstand oxidation at high temperatures. There are 
many special nickel alloys containing iron, cobalt, tungsten, 
molybdenum, chromium, aluminum, or other metals, intended 
for high strength at elevated temperatures. Also, the cobalt- 
chromium-tungsten alloys (Stellite) are important in this respect. 
At pr^ent, this is a field of active experimentation, and the 
t^t alloy products for high-temperature service cannot be 
clearly specified. 
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111 tlip of rnagnetifally soft materials, eiekel is an indis- 
pensable constituent. For example, an alloy of iron with 78.5 
iwr cent nickel, 78.5 Permalloy, show.^ a high ratio of flux density, 
B, to the magnetizing force producing it, //; more specifically, 
tlie f)ermeability or ease of magnetization is initially very 
high, making this alloy an ideal material for the armatures and 
t*ures of >eiisitive I’elays. Other Permalloys show properties of 
the same typt* with minor modifications which adapt them for 
s|>eeifie applications. 

Penninvars are niekel-eobait-iron alloys (e.g.^ in the ratio of 
45-25-30) p<>?sessing eoastant permeabilitj" over a range of low 
flux densiti^. Coils, with cores of this alloy, greatly reduce the 
araoimt of distortion in speech-transmission circuits. 

Magnetic iron or commercially pure iron has relatively high 
permeability, but its low resistivity results in serious eddy-current 
losses in iron cores. 

Silicon steel, iron with 4 per cent silicon in solution, has a hight^r 
permeability than magnetic iron at low flux densities and also 
five times the resistivity of the unalloyed metal. 

Magnetically hard materials for use in permanent magnets are 
commonly' hardened steels in which high residual induction and 
coercive force (or magnetic hardness) are related to metallurgical 
hardness. This is not achieved by simple solid-solution agents 
but by traasformation hardening of plain and alloyed (chromium, 
tungsten, or cobalt) steels, or by dispersion or precipitation 
agents (aluminum in iron-nickel for Mishima alloys or molyb- 
denum in iron-cobalt for K&ter alloys). The*se alloys can lx* 
letter iinderstcKxi after discassion of the pertinent phase diagrams. 

QUESTIONS 

1 . Construct a metastable solidus line for the 70:30 copper-nicktd alloy 
on the a^umption that no diffusion occurs in the structure during solidifi<*a- 
tion (a condition approached by extreme chill-casting) and that solidifica- 
tion proceeds by one-dimensional growth (e.p., a plane advancing from the 
mold wall, a condition w’hieh is never an actuality but requisite to a solution 
of this problem). At what temperature is solidification complete? 

2. Define "‘dendrites/’ ‘‘coring/’ and “solid solution.^^ 

3 . What is the effect of rate of cooling on the structure of east coppcr- 
nickel alloys? Do other ^lid-solution alloys show- similar chamcteristics? 

4 . How can a east copper-nickel alloy be homogenized? How does the 
time required for this treatment compare with that required for cast tin 
bronzes and a brassy? 
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6. Wiiat was the eoni position of I'nited States nickei coins uip to Januarv 
1942i ? What reasons might be given for the choice of this alloy? 

6. Name some of the reasons for adding nickel to copper. 

7. How do the tensile strength, hardness, and percentage of elongation of 
the 30 per cent nickel allo.v change with increasing degrees of cold-working? 

8 . Sketch the comparative hystersis loops of soft and hard magnetic 
materials. 
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EUTECTIC ALLOYS: LEAD-ANTIMONY SYSTEM: 
BEARING METALS 

There are at least two requirements that must be met for an 
alloy system to show complete solid solubility: (1) the two metals 
must have atomic lattice of the same type, e.g.. both should be 
face-centered cubic or body-centered cubic : and (2) the two atoms 
iiiiLst l>e ©f nearly the same size. In the copper-nickel and gold- 
silver solutions, copper and nickel atoms differ in size by leas than 
3 per cent : gold and silver atoms differ by less than 1 per cent ; 
and all four of these metals have face-c*entered cubic lattices. 
If the component metals of an allo 3 ^ Bystem do not meet the 
re(|uirement of similar lattice tt^pes, complete liquid solubility 
is, of course, possible, but the allo\' s\"stem must show two solid 
phases. These frequently ori^nate in a reaction known as an 
eutedic. The alloy’s chosen here to demonstrate structures 
resulting from this reaction are composed of lead, with a face- 
centered cubic lattice, and antimon\% wliich has a complicated 
hexagonal structure. 


PHASE DIAGRAM 

The a phase, at the left end of the horizontal line of Fig. o, 
represents solid lead with about 3.5 per cent antimony in solid 
solution. This solubility' deK?reases with temperature, as shown 
b\’ the course of the left-hand line (solid solubility' or solvus line) 
winch drops steeply' with temperature and also veers to the left, 
indicating a solubility' limit at room temperature of 0.3 per cent 
antimony'. Under equilibrium conditionSj an alloy' of lead with 
2 per cent antimony' will solidify' as a solid solution (see copper- 
nickel alloy's. Chap. I\') which is stable until the temperature 
f^ls to about 220^C. Upon further cooling, the alloy crosses the 
solms line and enters a two-phase field with a resultant formation 
of a sb’ cry^stals in the solid phase (see generalization 3 on 
page 48). The change from a one-phase solid to a two-phase 

53 



64 


STRUCTURE AXD PROPERTIES OF ALLOYS 


structure on cooling, as related to this type of sohnis line, is 
essential for age-hardening (discussed in more detail in Chap. VI), 
Under equilibrium conditions, then, this 2 per cent antimony 
alloy would show a two-phase structure at room temperature 
hut no eutectic. 

Means of determining the liquidus lines of a phase diagram by 
thermal analyses of slowly cooled liquid alloys, and of determining 
the solidus lines by reheating homogeneous solid solutions, have 
already been described. The temperature-concentration course 
of the sohnis line cannot be determined by thermal analyses, since 
only a small amount of heat is liberated by the separation of a 
minute amount of a second phase, and the separation is Yevy slow 
and subject to undercooling, requiring as it does diffusion of 
solute atoms through the solvent lattice to nuclei of the new 
phase. The solubility relationship may be determined micro- 
grajAically by heating alloys of several concentrations at specific 
temperatures for long periods of time (in some cases, for weeks), 
quenching the specimen, and examining the structure for evidence 
of the presence of a second phase. If the change of solvent lattice 
parameter with solute concentration (page 57) is first measured 
(by X-ray diffraction), then, by reheating a saturated alloy at 
several temperatures in the two-phase field until equilibrium is 
attained, quenching, and measuring the lattice size of the solvent, 
the solute concentration at each temperature may be obtained. 
Finally, since electrical resisti\ity is strongly affected by an ele- 
ment in solid solution and only slightly by an element present 
as a disperse, second phase, resisthdty measurements may be 
employed for solid-solubility determinations. The course of the 
solvus line, based on data from any of these methods, may be 
checked by the log (solubility) vs. reciprocal of the temperature plot 
described on page 75. 

The phase, at the right end of the horizontal line, repre- 
sents solid antimony with some lead in solution. (It is called an 
a phase since the convention has been adopted, here, of calling all 
terminal ^lid solutions alpha.) The actual value of this solubility 
is not definitely knowm and is of no commercial importance since 
antimony, and thus the aosb) phase, is relatively weak and brittl#^. 

Along the horizontal line at 251°C.,^ three phases may exist in 
^uilibrium and, in accordance with Gibbs's phase rule, thr^ 

^ Fdfimi and Melals Technology (A.I.M.E.), September, 1942 . 
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pha-e- iiiii exist in a binary system only at a constant tempera- 
ture. This situation is best represented by the reversible 

reaction : 

Liquid ^ a m,- sb- z%pb + 

The reaction proceeds to the right upon cooling, releasing the heat 
itf c'lystailization of the a and a;i^^ phases, and, under equilib- 
rium conditions, solidification takes place at a constant tempera- 
ture, 2ol®C. (For many years, eutectics were thought to be 



FitJ. 5. — Phase diagram of the lead-antimony alloy system. 


definite chemical compounds since they froze at a constant 
temperature and exhibited fixed concentrations, i.e,, in this ease, 
Pb + 12 per cent Sb,) On heating, the reaction go^ to the left, 
absorbing the heat of crystallization of and a^^y phases and 
forming the liquid phase containing 12 per cent of antimony. 
Since the eutectic alloy fl2 per cent Sb) melts at a constant tem- 
perature, the Greek word eutedic meaning ^Hvell-melting” has 
come into use to describe this type of reaction or phase change. 
It has been logical, then, to apply the Greek prefix hypo, meaning 
than,*’ to alloys having less than the eutectic concentration 
of an aIlo}dng element and more than the solid-solution limit 
(here, S.5 to 12 per cent Sb), and to use the prefix hyper ^ meaning 
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^'more than/' to alloys to the right of the eutectic (here, 12 to 
about 97 per cent Sb). 

Under equilibrium conditions; hypoeutectic alloys solidify 
from the liquid state as follows: (1) On reaching the liquidus 
nuclei of 'primary crystals of a(Pfa) form, having the composition 
given by rule 3 on page 49 ; (2) cooling through the o:(Pb) + liquid 
field results in growth of the primary dendrites of a^pb) while their 
composition changes \^dth temperature, as shown by the solidu% 
line; and, at the same time, the formation of a lead-rich phase 
causes the residual liquid to become enriched in antimony, so that 
its composition changes along the liquidus line; (3) at 25UC., 
primaiy af(Pb) crystals and liquid exist in the ratio given by the 
lever rule; the eutectic liquid freezes, forming ^(Pb) and 
phases in a rather fine mechanical dispersion. The dispersion is 
called mechanical since there is no continuous atomic conformity 
nor necessarily any relationship between atoms of the two phases 
at their interfaces or planes of contact. 

Under nonequilibrium conditions, freezing begins not at the 
liquidus line but at a temperature a few degrees under it (super- 
cooling). The average composition of the primary crystals does 
not lie on the equilibrium solidus but on a “ metastable solidus 
(see page 48) and, consequently, the percentage of liquid at 251°C. 
will be somewhat greater than that shown by the diagram. The 
low’ concentration of allowing element in the primary dendrites 
requires a metastable, leftw’ard prolongation of the eutectic 
horizontal to intersect the metastable solidus. As a result, an 
alloy containing only 1.5 per cent antimony, w^hich should show 
no eutectic structure, usually wall do so when solidified at rates 
encountered in normal castings. The eutectic freezing may be 
delayed by undercooling as w’ell as the crystallization of the 
primary crystals; if one phase of the eutectic undercools more 
than the other, there can be a displacement of the eutectic con- 
centration as w’ell as temperature (see aluminum-silicon alloys. 
Chap. VI). 

Undercooling of the eutectic liquid has a dual effect. Ther- 
mally, it causes the eutectic reaction to occur at a temperature of 
several degrees (perhaps 5 to 30°C.) under that shown by the 
equilibrium diagram. Structurally, it causes a refinement of 
the particle size of the phases participating in the reaction, in the 
same w^ay as solid-solution dendrites (page 51) are refined by 
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When a containing 3.5 ]>f'r cent of antimony 
and a containing about 97 per cent of antimony form from a 
honiogeneoiLs liquid, there mu>t l>e a count erdiffusion of the two 
kinds of atoms in the liquid to each imcleiis of the two phases. 
The rate of solidification when the liquid is suddenly cliilled does 
not permit much time for even relatively rapid liquid diffusion 
and, simultaneously, there is a ver\' great increase in nueleation 
points for the reaction. Both factors operate to change the size 
of crystallites in the eutectic. 

MICROSTRUCTURBS (PLATE V) 

All Etcheo with 25 Per Cent HXOs Solution 

Plate V. Fig. 1. Pb t- 6 per cent Sb; X50. This is a typical 
hypoeuteetic structure consisting of primary' dendrites 

(black), plus an interdendritic filling of eutectic. The white 
particles are a sb; crystals which, together with the black a.pt,) in 
which they are embedded, comprise the two-phase structure. 
There is a difference in appearance of primary' and the eutec- 
tic a; Pb,, but both form a continuous plastic structure. 

Plate V, Fig. 2. Pb 12 per cent Sh; X50. At this con- 
centration, the structure is completely eutectiferous with white 
brittle crystallites of dispersed in a cmdtmious matrix of 
plastic Differently oriented “colonies’' of a>^sb) particles 

indicate different starting points for the eutectic reaction. 

Plate V, Fig. 3. Pb + 12 per cent Sb; XoOO. The eutectic 
structure in detail. 

Plate Y, Fig. 4. Pb + 26 per cent Sb; X50. The hyper- 
eutectic structure show's primary a sb) crystals in a eutectic 
matrix. The primary a.sb) ciy'stals are angular rather than 
rounded like primary a ph;,, pr^umably because of low'er surface- 
tension forces. Note the dear-cut distinction in appearance, not 
in structure or composition, between the primaiy' and the eutee- 
tiferous crystallites of antimony. 

Plate V, Fig. 5. Pb 4- 50 per cent Sb; X50. This hyper- 
eutectic alloy contains more of the primary cry'stals in a 
eutectic matrix. Note that the primary crystals, although char- 
acteristically sharply angular, now show' a distinctly dendritic 
pattern or arrangement. 

Plate Y, Fig. 6. Hard Babbitt of 84 per cent Sn, 7 per cent Cu, 

9 per cent Sb; X50. This hypereutecdie ternary (three-compo- 
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lu nr alloy shows primary clusters of CuSn (an intermetallic 
c*ompound) crystals, arranged in a star-shaped dendritic pattern, 
and large rectangular ciy^stals of primary SnSb compound in a 
ductile temar}' eutectic consisting of these compounds and a 
tin-rich solid solution. The CuSn compound has a higher freez- 
ing point than the SnSb. since it seems to exist inside the latter 
pliase; during solidification, the SnSb formed on some of the 
CuSn cr%^stais already present. 

PROPERTIES 

The properties of a series of alloys acro^ a eutectic horizontal 
will naturally be a function of the two solid phases present. In 
the lead-antimony system, and in a majority of all commercially 
important eiiteetiferous alloys, one phase is relatively weak and 
plastic, the other, relatively hard and brittle. As the antimony 
content is increased from 3 to about 97 per cent, the proportionate 
amount of crystallites increases linearly, but the strength 
does not increase in the same way because of the difference in 
dispei-sion or size of the antimony solid-solution cr^^stals, depend- 
ing on whether they are primary or eutectiferous. There is a 
rapid rate of increase in strength from 3 to 12 per cent, and a 
diminution from 12 to 97 per cent antimony. In the fonner 
range, fine, eutectiferous crystallites of a.sb) are increasing in 
amount while in the latter range, the amount of small particles (or 
the amount of eutectic) is decreasing, vdth a corresponding 
increase in the number and size of large primary crystallites of 
antimony. The result is an inflection at the eutectic point in the 
plot of any mechanical property against alloy concentration 
across a eutectic series; in fact, it may not only be an inflection but 
a maximum, particularly of strength (the strength of cast Pb-Sb 
alloys, from 0 to 16 per cent Sb, is reproduced graphically in 
Fig. 7, page 88). 

Examination of the microstructures shows that in all hypo- and 
hypereutectic alloys, the eutectic structure is continuous, bb 
would be expected since, during freezing, eutectic liquid surrounds 
the primary dendrites. If in the eutectic structure the plastic 
phase is continuous, as in the lead, 12 per cent antimony alloy, 
then the entire series of alloys must have some plasticity. If, on 
the other hand, the brittle phase is continuous (see aluminum- 
copper alloys, (’hap. VI), the entire series will be ].)riftle. It 
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seems to be generally true that if one phase is present in a con- 
siderably greater proportion in the eutectic, that phase will be 
continuous in the duplex structure. Thus, if the eutectic con- 
centration is much closer to that of a plastic phase, the eutectic 
generally w^ill be plastic, and \ice versa. 

In addition to these considerations, an increase in cooling rate 
during solidification generally will result in smaller primarv^ 
dendrites, a finer particle size (and perhaps different shape) in the 
eutectic, and perhaps a gi*eater amount of eutectic. These fac- 
tors may influence mechanical properties of eutectic alloys to a 
very considerable degree. 

ENGINEERING APPLICATIONS 

The familiar lead sheath used to protect the paper- wound con- 
ductors in telephone cables is strengthened by the presence of 
1 per cent of antimony in the highly disperse form resulting from 
aging, after air-quenching from the extrusion temperature (see 
pag^ Pure lead has a tensile strength of approxi- 
matel}" 2,000 p.s.i. but the age-hardened 3 per cent antimony 
alloy may reach a strength of 10,000 p.s.i. Data showing the 
remarkable effect of calcium in hardening lead by this same 
method are given in the “Metals Handbook.” 

Specifications for bearing metals are based mainly* upon com- 
position, with compressive strength and hardness appearing as 
physical properties of particular importance in selecting the mate- 
rial. rnfortunately, no accepted short-time tests indicating the 
comparative value of bearing metals are available, and experience 
in connection with structural characteristics and strength proper- 
ties must gmde such selection. The well-knowm types of bearing 
metals are discussed in the “Metals Handbook.” A.S.T.M. 
Specifications B23-26 cover the entire range of white-metal bear- 
ing alloys from high-tin to high-lead mixtures. Most of these 
alloys are eutectiferous, although they frequently contain three or 
more component metals. 

Lead-base bearing metals may be hardened by metals other 
than tin, antimony, or copper, according to the references cited. 
“Oiliess” and graphite bronze bearings may be made from cop- 
per-zinc-antimony-lead alloy strips with rolled-in indentations 
filled under,pr^ure with graphite paste. Another type is made 
of powrdered oxid^ of copper, tin, zinc, and lead mixed with 
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graphite, pressed, sintered, and partially reduced to a porous mass 
which absorbs oil by capillary attraction. This must be sup- 
ported by a housing and is best shaped by grinding. 

QUESTIONS 

1. tai Draw cwliiig fc»r thf* four lead-antimony alloys whose 

ar«‘ iji inb^oiimphs 1, 2, 3, and 4. The significant tem- 

peratures should hr pruprrly eorrelated with the phase diagram (Fig. o, 
page 65). 

{b) C'aieulate the p«*re€mtages of the structure elements (h€., primary 
o-.sh;, or eutectic ■■ pr*^nt in each of these alloys. 

2. What structural conditions are generally found in alloys for he^aring 
metal service? 

3 . Name the common metals usually found in hearing alloys. 

4- i)i>tinguish lirtween the "white metar' hearing alloys and the 
*‘brt>nzes" and lM*tween hard and ^ft Babbitt metal, on the basis of alloy 
composithm and one significant property. 

6. What is "typt' rnetaP' and in what way is it similar to Babbitt metal? 

6. What is WcxhIs metal? Why does it have such a low melting point? 

7- Tabulate the melting points of the pure metals, bismuth, cadmium, 
lead, and tin: also the compositions and melting points of their binarj’-, 
ternary, and quaternarj' euteetir^ (^‘Metals Handbook,” Low-melting 
.Vlloys*. 
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CHAPTER VI 


AGE-HARDENING: 

CAST AND WROUGHT ALUMINUM ALLOYS 

None of the industrially important aluminum alloys is strictly 
binary since the base metal, as commercially produced, always 
contains about 0.3 per cent each of copper, iron, and silicon. The 
iron and silicon usually combine with aluminum to form an inter- 
metallic compound which is almost completely insoluble in solid 
aluminum and thus always \isible in the microstructure (see 
Plate II, Fig. 6, page 16). The impurity compound not only 
complicates the appearance of the alloy microstructures but, since 
it forms a low melting eutectic with aluminum, the presence of 
iron and sihcon affects melting point and heat treatment tempera- 
ture, However, the binary diagrams remain useful in discussing 
the general structural and property characteristics of most of 
thee alloys. 


PHASE DIAGRAMS 

The aluminum-copper system diagram from 0 to 54 per cent 
copper, as reproduced in Fig. 6 (page 73), differs from the lead- 
antimony diagram (page 65) in only two essential respects: the 
eutectic contains more than 50 per cent of the right-hand phase, 
and this phase is not a terminal solid solution but an intermediate 
alloy structure which is hard, brittle, and of a narrow range of 
competitions approximating that of the intermetallic compound 
CuAls, t.c., a structure containing one atom of copper for every 
two atoms of aluminum. (The binding forces in intermetallic 
compounds differ from those holding chemical compounds in a 
specific crystal form. In salts, such as NaCl, the binding force 
ari^ from ionic or electrostatic fields resulting from exchanges of 
v^ency electrons. In intermetallic compounds, ordinary valency 
rul^ do not determine the atomic ratios.) The aluminum ends 
of the Al-Mg, Al-Ni, Al-Mn, and Al-Fe systems are like the 
aluminum-copper in showing eutectics between an aluminum 
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solid -ouition and an intermediate limited solid-solution phase or 
intermetallic compound, while the aluminum-silicon eutectic is 
hftween the two terminal solid solutions^ All of these alloys 
show the same eoasiitutional features that were discussed in 
detail in Chap. ( Ph-Sb alloys). In all except the aluminum- 
iron system, the .solubility of the second phase in the a(Ai) solid 
.-(jiuiion i.s distinctly greater at the eutectic temperature than at 
room temperature, and, in the aluminum-copper and aluminum- 
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Fig. 6. — Phase‘ diagram of the aluminum-copper alloy system, from 0 to 54 per 

cent copper. 


magnesium systems, this feature is utilized to obtain high-strength 
alloys by a controlled dispersion of the second phase. 

The extent of solid solubilit^^ of one element in another was 
stated on page 63 to depend on the relative types of lattices and 
atomic sizes of the solute and solvent metals^ Atomic sizes are 
not fixed quantities; a large atom, randomly dispersed at lattice 
points of a solvent metal ha\ing a smaller atom, must contract 
somewhat to fit in the solvent lattice which, simultaneously, 
necessarily is expanded (Regard’s law, page 57). Contrariwise, a 
smaller atom may be enlarged if present in solid solution with a 
larger atom whose lattice is thereby contracted. The difference 
in sizes of solute and solvent atoms (measured when present' in 
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theii' own form) is an important factor in detei mining the extent 
of solubilitv that may exist. If the two atoms differ by more 
than 15 per cent, extensive solid solutions are not usually found, 
although Table VII shows that the converse of this statement k 
not always true (for example, see titanium). 


VII.— .-tTOM-RizE Factor ik Aoominum-base Solid Solutioxs 


Solute 


Lattice 

merit 


A1 ; f.c.c.t 
Zn c.p. hex.! 
Ag i Lc.c. 

Mg c.p. hex. 

Cu f.e.c. 

Mn : complex c. 
Si diamond c. 

Cr b.c.c.§ 

Ti c.p. hex. 

Zr c.p. hex. 

Xi f.e.c. 

Be c.p. hex. 

Fe b.c.e. 

Co b.c.c. 


Alaximum 


Ileactioii and 

solubility 

1 

Atomic i 

Per cent 
atomic 
size dif- 
ference 

and tempera- ; 
ture, 

Per cent 

by 

weight 

Atom, j 
per cent ’ 

i 

i 

size, * 

A 

eutectic-3S0 ■ 

82. i 

66. 

2.86 

2.75 

- 3.8 

eutectic-5oS | 

57. j 

25. 

2.88 

-j- 0.7 

eutectic-4ol 

14.9 1 

16.3 

3.19 

+11.5 

euteetic-548 

5.65 

2.48 

2.55 

-10.8 

eutectic-d59 > 

1.82 

0.90 

2.37 

-17.1 

eutectic-577 | 

1.65 

1.59 

2.35 

-17.8 

llperitectic-661 j 

i 0.77 

0.40 

2.49 

-12.9 

peritectic-665 ! 

0.28 

0.16 

2.93 

+ 2.4 

peritectic-661 

0.28 

0.08 

3.19 

+17.7 

1 eutectic-640 

0-05 

0.023 

2.48 

— 13.3 

^ eutectic-645 

0.05 

0.15 

2.25 

-22.7 

eutectic-6o5 

0.02 

0.009 

2.48 

-13.3 

eutectic-657 

0.02 

i 0.009 

2.50 

-12.6 

1 


^From Hume-Rotheey, “Structure of Metals and Alloys.” 
t f.e.c. — face^ceniered cubic. 

J e.p.hex.--elose-packed hexagonal. 

I b.c.c. — body-centered cubic. 

■■ The periteetie reaction is described on p. 99. 


It is quite exddent that the lattice type and atomic size of the 
solute are not the only factors affecting the maximum solubilities^ 
Generally, however, a high solid solubility appears to be favored 
either by a low eutectic temperature or by a favorable atoimc-si^ 
ratio The effect of a low eutectic temperature is shown by the 
close-packed hexagonal metals, zinc and magnesium, which have 
greater solubilities in face-centered cubic alummum than 
centered cubic metals with a smaller atomic-size difference, si ver 
aad eoppeTj r^pectively. 
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CORRELATIOH OF PHASE DIAGRAMS^ 

Since the piia.<e diagram*s of ail alloy <y.stenis are based funda- 
mentally Oil physical chemistry, man 3 ' attempts have been made 
to venf 3 ' eciuilibrium data by physical chemical laws. Reference 
has l>een made to Gibbs's pha^ rule (page 64) defining the num- 
ber of variables F. usually Temperature and concentration, which 
can be aitenai in an alloy having a known numlier of component 
metals C without changing the nurnlier of phases P present; ignor- 
ing the gas phase, the relation is 

f == C -PtI 


A second e<|uation, developed by LeChateiier, gi\'€\< the relation 
fierwetui the concentration of an ideal solution (solid or liquid) 
iind its temperature when the precipitating phase is of coastant 
concentration .an element or compound) : 


Logarithm (solute concentration in solvent) 


constant 

temperature 


+ constant 


According to this ecpiation, all solid solubility curves for ideal 
solutions should bc^*ome straight lines when the logarithm of the 
solubility is plotted against the reciprocal of the temperature 
(Kelvin or absolute scale). The solid solubility or solvus curves 
for most of the aluminum alloys of Table VII have been so plotted 
and. in almost all eases, show a linear relationship. Furthermore, 
by definition of terms, this equation is equally applicable to 
hypereuteetie liquidus curves, as has been demonstrated, at least 
for many aluminum alloys. A third equation, which wfill not be 
reproduced here, has successfully established a relationship 
between the eutectic concentration, the solid solubility at the 
eutectic temperature, and the actual temperature of the eutectic 
for many of the systems listed in Table VII. Other correlations 
of an empirical nature have been discovered in the aluminum-base- 
alloy phase diagrams. For example, the logarithm of the lower- 
ing to the eutectic temperature seems to be linearly related to the 
solute concentration of the a solid solution at the eutectic tem- 
perature and, furthermore, both of these quantities are linearly 
related to the slope of the solid solubility curv^e. These and other 
relationships satisfactorily generalize the data on a series of alloy 
i Fink and Fbeche, Tmm, AJ,M.E., Ill, 304, 1934. 
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systems. It is also evident that, where these relationships hold, 
the equilibrium diagrams at one end of an alloy system can 
constructed with veiy few experimental data; two points on fhe 
hypereutectic (or hyperperitectic) liquidus, the eutectic tempera- 
ture, and one point on the solid solubility curve could suffice. 

THEORY OF AGE-HARDENING 

Ordinarily, concentrations of the hardening constituent 
approaching maximum solid solubility in the phase at the 
eutectic temperature are chosen. The first step in the heat treat- 
ment is to heat the alloy to a temperature in the a phase field in 
order to obtain a solid solution of uniform composition. The 
saturated solution thus formed is quenched or at least cooled at 
too rapid a rate to permit the separation of the second phase that 
would normally occur with slow cooling. As a result of the rapid 
cooling, the alloy is in a state of supersaturation and is, therefore, 
thermodynamically unstable. The subsequent age-hardening d 
the alloy is a result of the decomposition of the solution, which in 
some alloys occurs at ordinary room temperatures but usually 
requires a relatively low-temperature heat treatment. 

The hardening of Duralumin (basically, A1 + 4 per cent Cu), 
the aUoy earliest known to be capable of age-hardening (1911), 
was first attributed (Merica et al., 1919) to the precipitation of the 
compound CuAh in the form of particles too small to be visibte 
under the microscope. According to the theory^ rather generally 
accepted prior to 1930, the particles of compound hardened and 
strengthened the alloy by making slip along crystallographic 
planes more difficult. In other words, the uniformly dispersed 
particles were considered to have a keying action, thereby 
otetmcting movement along planes of ready slip. 

As correlated data accumulated from age-hardening studies^ 
this simple mechanical conception of hardening by compound 
precipitation appeared to become inadequate. Anomalow 
increases in electrical resistivity during aging at ordinary tem- 
peratures (resistivity should decrease as the concentration d 
solute atoms decrease, see page 57), intermediate peaks h 
hardn^-time curv^, and other comparable data led to postu 
lates of preprecipitation changes such as the formation of '' knots*' 
of segr^tted solute atoms which affected the properties of tla 
riloy independently of any subsequent precipitation. 
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(/ritirai of the last few years have led to a more com- 

plete understanding of the age-hardening process, which appears 
TO proceed in the following sequential order 

1 . Segregation of solute atoms on a specific crystallographic 
plane of the matrix t tetragonal d.coM,} forms with its square, basal 
plane parallel to the ciilx* plane of the a aj) phase, or the hexagonal 
s prei‘ij)!tate in itlriniinuin-silver alloys forms vtdth its basal plane 
on the corresponding octahedral plane of the face-centered cubic 
matrix). 

2. Formation of a mnv lattice of the precipitating ph^se. The 
precipitate is only from 2 to 50 atoms thick and may be from ^ 
to several hundred atoms long or wide; in other words, it is a thin 
plate. There must he atomic conformity t^etween the lattice of 
the precipitating phase and the matrix, which r^uiras that 
growdh occur laterally along the plane of precipitation. The new 
phase, at this stage, is under high elastic stress (calculated to be 
about 115,0(X) p.s.i. in Al-Ag alloys) as a result of the enforced 
atomic conformity between lattice of somewhat different spac- 
ing, and thus it may have abnormal dimensions; it then is usually 
found to be a metastalde or transition pha<e (&' for Al-Cu alloys 
or 7' for Al-Ag alloys). 

3. Growth of the transition phase causes the lateral elastic 
stresses to exceed a critical value, shearing occurs on the specific 
plane, atomic conformity over the entire plate ceases to exist, and 
the new phase changes to its stable dimensions and form, with the 
creation of an interface hetw'een it and the matrix lattice. 

Property change^ have not yet been correlated, in mant' 
alloys, with the alx>ve picture, but in general, anomalous conduc- 
tivity effects 0€*cur in stage 1, maximum strength or hardness in 2, 
while 3 lies in the region of overaging or softening. The entire 
proec^, including .stage 1, for simplicity may be termed precipiki- 
iio% adopting the Meriea theory in general terms. The sequence 
of changes during aging is of particular importanee in alloys of the 
Duralumin t>i)e, which develop their useful properties without 
definite evidence of actu^ precipitation of the hardening phase. 
In a larger group of alloys, the optimum properti^ are obtmned 
by heat treatments w^hich produce visible evidence of precipita- 
tion, but even in these cases the \isible precipitate particle are 
usually in the transition stage, or 2, with an abnormal lattice. 

* Babrett, Geisleb, and Mehl, Trans, A.LM.E., 143 , 134, 1941. 
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MICROSTRtrCTXrRES (PLATE VI) 

A. Etched vtth 0.5 Per Cent HF; B, Additional 
Etch in 20 Per Cent H2SO4 at 70®C. 

Plate TI, Fig. 1. A1 + 13 per cent Si + about 0.8 per cent Cu 
and Fe as impurities (Alcoa 47) ; X75; A. This is a hypoeutectie 
structure showing a few primary dendrites of o:(ai) in a fine eutectic 
structure. Since the equilibrium eutectic composition is at llj 
per cent silicon, this alloy would normally be hypereutectic, but 
the addition of 0.25 per cent sodium, 15 min. before casting, sup- 
presses both the formation of primary silicon crystals and the 
eutectic reaction. The liquid cools until it reaches the tempera- 
ture of the metastable prolongation of the hypoeutectie liquidus to 
form a few primary a(M) dendrites after which the eutectic reac- 
tion starts. The undercooled eutectic liquid forms a very finely 
dispersed two-phase structure (at about 564°C. rather than the 
equilibrium temperature of 578^0.). 

Plate VI, Fig. 2. Same alloy (13 per cent Si) at X 1,000; i. 
Dark gray particles, such as that marked A, are eutectiferous 
silicon crystallites; lighter gray needles, marked B, are an 
aluminum-iron-silicon compound originating from the iron 
impurity. Note that the a aluminum phase is continuous, as pre- 
dictable from the approximate relative proportions of a(Ai) (87 
per cent) and silicon (13 per cent) in the eutectic. 

Plate VI, Fig. 3. A1 + 8 per cent Cu + about 1 to per 
cent Fe and Si as impurities (Alcoa 12); X50; AB. This is a 
hypoeutectie structure consisting of cored primary ck^ai) dendrites 
(the dendritic characteristic is not very evident) surrounded by 
the eutectic of a^Ai) and 6 (or CuAh). 

Plate VI, Fig. 4. Same alloy (8 per cent Cu) at X 1,000; AB. 
A greatly magnified vie\v of the ^(ai) and ^(CuAia) eutectic shows 
that the brittle 6 phase is continuous, probably because this 
eutectic consists of 58 per cent 6 and 42 per cent a^Ai) (proportions 
calculated on a weight basis). The needles, extending through 
the eutectic (marked C), are an aluminum-copper-iron compound 
ori^ating from the iron impurity. (Identification of all the 
common intermetallic phases found in aluminum alloys is possible 
by using various etching solutions, as specified in the “Metals 
Handbook.*') 
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Pl-ite VI. Figs. 1-6. 
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Plate VI, Fig. 5. A1 + per cent Cu with controlled impuri- 
ties (1 to 11 2 per cent) of Fe and Si (Alcoa 195 ) ; X75; AB, The 
as-cast structure reproduced here shows cored dendrites of 
surrounded by the ^(ai) + ^ eutectic and a eutectic structure of 
a^Ai) and aluminum-iron-silicon compound (E) originating from 
the impurities. Although the copper content of this alloy lies to 
the left of the a,Ai) + 0 eutectic horizontal, some eutectic is found 
in the cast structure because of the metastable position of the 
solidus on rapid cooling of the casting (page 48). 

Plate YI, Fig. 6. Same allo^^ (Aj o per cent Cu) at X 1,000; AB. 
The structural appearance of this particular aluminum-iron- 
silicon compound has led to use of the descriptive name ^'Chinese 
script.’’ The 0 present does not appear to be a part of a eutectic 
structure since the of the eutectic is not inside the 6 but out- 
side, in contact with and indistinguishable from the primary 
The 6 and aluminum-iron-silicon compound appear to be 
isomorphous since there is a continuity from one structure to the 
other with a gradation in the coloring or degree of attack by the 
etchant. 

Plate VI, Fig. 7. Same alloy ( 4 V 2 POJ^ cent Cu) at X75; AB; 
structure after heat treatment (A.S.T.M. No. 3) as follows: 15 hr. 
at 510°C. follow'ed by a water quench; reheated 15 min. in high- 
pressure steam. This structure should be compared with that of 
Plate VI, Fig. 5; it is e\ident that the heat treatment at SIO^C. 
has caused the CmVls to dissolve in the a(Ai) matrix (thus the high- 
temperature treatment is called a solution anneal or solution heat 
treatment). Quenching in w^ater, after the high-temperature soak, 
prevented precipitation of the dissolved d upon cooling the alloy 
to temperatures at w^hich tw-o phases exist according to the 
diagram. Reheating this metastable or supersaturated solid 
solution has not caused particles of CuAl 2 to form in a size visible 
at this magnification. Particles of the aluminum-iron-sihcon 
compound {E) are still present, since this phase has no measurable 
solubility in a^Aiy and remains unchanged through the heat 
treatment. 

Plate VI, Fig. 8. Same alloy (434 per ^cnt Cu) at X500; 
etched with HCl, HNO3, and HF in water (Keller’s reagent); 
structure after heating to 575°C. and quenching. According to 
the ahiminum-copper phase diagram, when this alloy is heated 
above about 565®C.. it is in a two-phase field, + liquid, and 
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the liquid has an almost eutectic concentration of copper. The 
liquid phase forms at the a(Ai) grain boundaries and, upon quench- 
ing, must solidify there, in large part as a eutectic which, in this 
system, Ls brittle. With a nearly continuous brittle structure 
enveloping each grain, the total structure is now weak and brittle. 
The etch used for this micrograph has brought out coring in the 
aluminum matrix, Le., variations in the amount of dissolved 
copper. Although the binary aluminum-copper diagram shows 
the safe solution annealing temperature range to be 510 to 
the presence of a eutectic network*^in the original casting of this 
alloy would set the upper limit at 545°C. More important!}", the 
presence of iron and silicon impmities means that a ternar}^ or 
quaternary eutectic exists with a melting point of about 525°C., 
so that the safe heat-treatment temperature range is quite nar- 
row, 505 to 520°C. The lower limit is set b}" the necessity for 
dissolving all the copper in order to obtain optimum properties, 
while the upper limit is set by the melting point of any eutectic 
present in the structure. The iron impurity content not only 
affects the minimum burning temperatures of the heat-treated 
aluminum-copper alloys but also markedly affects the optimum 
properties attained since the presence of iron results in the forma- 
tion of an insoluble aluminum-copper-iron intermetallic com- 
}X)und (Plate VI, Fig. 4) and thus removes copper from an active 
participation in the aging process. High-purity aluminum- 
copper alloys may show very much better strengths than the 
commercial 195 alloy. 

Plate VI, Fig. 9. A1 + 4.2 per cent Cu, 0.5 per cent Mg, 0.5 
per cent Mn, about 0.5 per cent Fe and Si as impurities (Duralu- 
min or Alcoa 17S); X75; A5. This structure represents that of 
the alloy in the as-extruded form, which means that it was hot- 
worked at a high temperature, probably in the ^(ai) solution field, 
and slowly cooled. The eutectic structure present in the original 
cast billet has been destroyed, and the insoluble constituents have 
teen broken up into stringers extending in the direction of extru- 
sion; f.e., the black aluminum-iron-silicon impurity compound {E) 
and the clear, outlined particles of aluminum-manganese, 
aluminum-iron-manganese or aluminum-copper-iron-manganese 
compound (F). Manganese is added to Duralumin chiefly 
because the resultant insoluble constituent acts to restrict grain 
growth in the c^(ai) matrix during the solution heat treatment. 
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'Fht.^ «*op|>er anti magnesium are in solution during tlie lu>t-\v<irlv- 
iiig, hut mueh of the copper ha> precipitateti the 0 pha^^e during 
I hi' <}il slow cooling. The fine preeij>!tate gives the back- 

ground a '‘.salt and |)ep|x^r'’ appeanim*e at this low iriagnifieatioii. 

Plate VI, Fig. 10. Same i Duralumin j at XLC^'M); AB. At 
this magnifieaiion most of the 6 precipitate, which formed at a 
ivlarively iiiidi ttunperanire, is resolved, { 0 ). The indistiiKU 
markings in the background are probably j>articles of 6 
fonneti last, as the alloy approached room temperature. 

Plate VI, Fig. 11. + 4.4 per cent Cu, 1.5 per cent Mg, 0.6 

per cent and about 0.5 per cent Feand Si as impurities f Sii{ku- 

Duralumin or 24ST); the alloy in sheet form was (|uenc*lRKl from 
500"C. and aged at room temperature: X75; HCl, HXOs, and HF 
in water ^ Keller’s etch). The etch employed in this case differ- 
entially attacks the aged aluminum solid-solution matrix to show 
the typical, irregularly sha}Kxi grains of the structure on a section 
parallel to the roiling plane. Insoluble manganese and iron- 
silicon intermetallic compound,s are again extended in the direc- 
tion of flow during hot-working. Only traces of copper or 
magnesium compounds are visible since they were almost eom- 
pietel\' dissolved during the heat treatment and now cannot be 
seen in the e.xtremely fine precipitated form characteristic of the 
aged ailoy, 

Piate VL Fig. 12. Same as Fig. 11 (24ST) at X500. At the 
higher magnification, the clear, white parti(*les of residual CiiAl? 
are visible as well as the black and dark gray manganese and iron- 
silicon compounds. In addition, a series of small, dark particles 
along the grain boundaries are now resolved. They probably 
originated ujxin cooling the alloy somewhat too slowly from the 
solution treatment; i.c., by quenching in hot water. The hot- 
water quench diminishes distortion and quenching stresses, but 
the grain boundary precipitate (of $ or CuAls) results in a suscepti- 
bility to intergranular corrosion. This may be avoided by coat- 
ing the alloy with pure aluminum (Alelad 24ST). 

Plate VI. Fig. 13. Same alloy {24ST) in the Alelad form; the 
sheet was carried through 900,000 cycles of stress (by bending) 
which attained a maximum intensity of about 18,2(X) p.s.i. at the 
surface; X5(K); 0.5 per cent HF etch. The bottom of the micro- 
graph show^s the structure of the alloy core, and the upper in. 
shows the structure of the aluminum coating. The line of 
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delineation between the core and originally pure aluminum layer 
is based on the absence of the insoluble constituents in the lattei- 
zone. However, some copper and magnesium have diffused from 
the core into the coating during the hot-rolling and solution heat 
treatment stages of processing of the sheet. Aluminum in the 
diffusion zone is harder and has polished cleanly. The outer zone 
of the coating Is probably still pure aluminum and so soft that 
polishing abrasive has adhered to this part of the specimen, 
re.siilting in a ‘Mirty ’- appearance. It is important so to control 
the hot-rolling and heat-treatment times and temperatures that 
copper and magnesium atoms are not permitted to diffuse to the 
surface, or the benefits (see page 93) of the aluminum coating 
will be lost. In this micrograph, the rounded, clear particles in 
the core may be residual CiiAla or d, left imdissolved when the 
solution treatment was shortened sufficiently to avoid alloy diffu- 
sion to the surface. 

The, black lines, at approximately 45 deg. to the surface of the 
sheet, are shear cracks developed by repeated application of a 
stress with a maximum value far below' the ordinary, axially deter- 
mined tensile strength (62,000 p.s.i.) or even yield strength 
(40,000 p.s.i.). These cracks w'ould eventually cause the sheet to 
break if the stressing w’as repeated often enough (this difficulty is 
minimized by design, see page 93). Failures of this type are 
called fatigue failures but are popularly (and erroneously) knowm 
as failures resulting from crystallization of the metal, since it is not 
generally realized that metals are ahvays crystalline. The 
deformation accompanying an ordinary tensile fracture destroys 
the cry’stalline SCppearance of the broken surface. However, 
when a fatigue crack has reduced the effective cross-sectional area 
of the metal sufficiently, the remainder of the section breaks 
suddenly, without any noticeable deformation, and thus fre- 
quently has a crystalline appearance. 

Plate \T, Fig, 14. A1 + 5 per cent Cu; alloy of pure materials 
(l^s than 0.05 per cent of Fe + Si); quenched from 540''C., 
reheated 30 min. at 200®C.; X 1,000; 0.5 per cent HF etch. The 
heat treatment given this alloy resulted in maximum hardness 
(see Table VIII, page 90) but there is no readily visible precipi- 
tate. The grain boundary has etched more deeply than it would 
in the g^quenched (from 540°C.) structure and there are a few 
marking within the grains, indicative of some change in the solid 
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solution. Special etches have revealed more positive indications 
of precipitation in ecpiivalent structures, but this is representative 
of the structure shown by the usual micrographic technique. 

Plate VI, Fig. 15. A1 + o per cent Cu; X 1,000; A. A speci- 
men similar to Fig. 14 was quenched in cold water from a solution 
treatment at 540®G. and reheated 1 hr. at 250°C. Distortion 
from the cold-water quench caused a slight plastic deformation 
of the alloy matrix, and the subsequent aging treatment resulted 
in precipitation of the 8 phase, which occurred preferentially on 
the slip planes that were active in the plastic movement- Nuclea- 
tion of the precipitation (or more generally, of any sohd phase 
change) occurs first at the least stable part of the matrix lattice, 
normally at grain boundaries but, in the case of prior or simul- 
taneous plastic deformation, at slip planes. Note that precipita- 
tion is not uniform in ail grains (in slight deformations, plastic 
movement is not uniform in all cr\"stals). Particles of the 
precipitated 8 are verv- fine and not clearly resolved here. 

Plate VI, Fig. 16. .11 + 5 per cent Cu; X 1,000; A. A speci- 
men similar to Fig. 14 was quenched from 540°C. and reheated 
1 hr. at 400®C. At this high aging temperature, the precipitated 
particles are ver\" coarse and, partly as a result of their size and 
partly as a result of re-solution of 6 (1.5 per cent of copper is 
soluble at 400°C, and only 0.6 per cent at 250°C.), there are fewer 
particles. Upon close examilation, some needles are visible and 
these, in the third dimension, would of course be plates. The 
plates show the genetic relationship between matrix and precipi- 
tate lattice orientations, as mentioned in the previous section on 
theor>' of age-hardening. These visible plates, however, are 
tremendously larger than the platelets” present at an early 
stage of aging. Notice the lineup of 6 particles along the a(Aj) 
grain boundary. 

Plate ^T, Fig. 17. Same A1 + 5 per cent Cu alloy, quenched 
from 6^°C. and reheatedat 400'^C.; X 1,000; 0.5 percent HF etch. 
The high-temperature treatment was well above the solidus 
temperature for this alloy (see Fig. 6, p. 73), and burning” 
occurred. Not only did an eutectiferous liquid form at the grain 
boundary (the horizontal eutectic structure), but a similar liquid 
formed in spherical globules within the grains, resulting in the 
circular eutectic rosettes” shown above the boundary. Coring 
in the ^jaeent ^lid solution is revealed by the precipitate 
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aiijaet^nt to the boundary eutectic and the rosettes; the CuAl^ was 
precdrutaied in these regions upon the subsequent reheating to 
-IfnfC. The thin lines visible in parts of the structure are new 
grain boundaries, formed by rec lystallizat ion, at 400°C., of metal 
pliistieally liefornied during the previous cfueneh. 

HOT-SHORTNESS AND BURNING 

Any tea^ile stress applied to an alloy while it is in the two- 
phase, mlui + liquid, condition will naturally caase the metal 
crystals to separate where there is no solid to solid contact. The 
str^ may come from rolling, forging, or other form of hot- work, 
or it may originate in the contraction or shrinkage of a hollow 
ca.-ting about a strung core. In the latter case, the amount of 
liquid is critical, and Sachs and Van Horn show that with more 
than about 15 |>er cent present, the structure is sufficiently open 
for more licjuid to flow or be sucked in from hotter portions (c.g., 
the riser) to fill any openings. This susceptibility to damage 
while at the high temperature of the a -|- liquid field is knowm as 
hot-shoriness. 

The structure shown by Plate VI, Fig. 8, is commonly called a 
burnt stmeture; the wrord as here used does not signify an oxida- 
tion reaction but heating into a tw'o-phase, solid + liquid, field 
during solution heat treatments or hot-working operations. 
Deformation within this temperature range, of course, will cause 
the alloy to crack and be ruined. If the alloy has a plastic 
eutectic, as in the aluminum-silicon alloys, the damage to the 
quenched metal (in the absence of deformation) is negligible. If 
the eutectic envelopes around the grains are brittle, as in the 
aluminum-copper alloys, both strength and ductility are seriously 
impaired. While the bad effects could largely be eliminated by a 
solution anneal, the time required to redi&solve the eutectic is so 
long that it is not generally profitable commercially to do other 
than scrap the overheated alloy, 

PROPERTIES 

The properties of the euteetiferous alloys can be qualitatively 
evaluated on the basis of the proportionate amounts of primary 
crystals and eutectic structure and the physical characteristics of 
the eutectic: 
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The aiuminiim-silieon phase diagram has not been reproduced 
here since it is almost a duplicate of the lead-antimon 3 ^ diagram 
; Fig. 5j with regard to concentration limits of the plastic a phases 
of Pb or Al)j the brittle a phases (Sb or Si), and the eutectic 
composition; although the temperatures of liqiiidus, solidus, and 
eutectic lines are naturalh’" higher. The normal aluminum- 
silicon eutectic temperature and composition are 578°C. and 11.6 
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Ym. 7. —Strength properties across the hypoeutectic sections of the aliiminum- 
eopper, ainimnum-^ieon, and iead-antimony systems; effect of modification on 
the strength and elongation of the aluminum-silicon alloys, 

})er eent Si, respectively. However, chill-castiag or a sodium 
treatment of the liquid alloy before casting may suppress the 
formation of primary' silicon ciy'stfls in a normally hypereutectic 
-structure, say of 14 per cent Si, and cause it to solidify as a 
eutectic aUoy at 564°C. rather than at 578°C. In addition to 
.shiftily the eutectic composition and temperature, the chdl- 
casting or sodium treatment, called modification, notably refines 
the structure of the eutectic, particularly the silicon crystallites. 
The effect of this on strength and elongation values of the alumi- 
num-silicon alloys is shown in Fig. 7; note the maYimnm of all 
properties at the eutectic concentration, about 11.5 per cent Si 
in the nonnal alloys and 14 per cent Si in the modified alloy.s. 
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All of rho aluminum-silicon alloys show some ductility since 
aluminum is the eoniinuom phase in the eutectic. The superior 
iiiietility of the modified alloys is related to the shape as well as 
the size of the eiitectiferous silicon crystallites; in the normal 
aiioysj they tend to be angular plates whose sharp edges act as 
internal notches in the structure, whereas this effect is nearly 
absent with the rounded silicon particles of the modified alloy 
(Plate \1, Fig. 2). 

The aluminiun-copper system (Fig. 6, page 73) has a eutectic 
composition nearer the brittle 9 phase (CuAls) than the plastic 
phase, and thus the + 9 eutectic structure is inherently 
brittle. The effect of fairly rapid cooling in easting and the 
related position of the metastable solidus results in some eutectic 
in east alloys with as little as 2 per cent copper prasent. Figure 7 
(page 88) shows that there is a moderate increase in strength and 
strong decrease in ductility (as shown by test elongation values) 
as the amount of copper in aluminum is increased. When the 
eutectic structure become continuous (Plate VI, Fig. 3; 8 per 
cent Cu) the strength is almost at a maximum and the ductility 
nearly zero. Further increases in the amount of eutectic have 
little effect on the strength properties, within the range of com- 
mercial alloys of aluminum and copper, although the 12 per cent 
Cu alloy has greater hardness and wear resistance as a result of 
the increased amount of 6 present in the structure. 

Strength, ductility, and hardness properties of two-phase alloys 
are related to the size, number, distribution, and properties of the 
ciystals of both phases. The effect of matrix grain size vcas 
discu^ed in Chap. Ill, of an added element in solid solution in 
Chap. IV, and of a relatively coarse dispemion of a second phase 
in Chap. Veiy* fine dispersions cannot be obtained from the 
liquid state but can form in the solid by reason of the greater 
order of magnitude of nueleation in the latter ease. The process 
involved has been discard from the standpoint of the phase 
diagram under theoiy of age-hardening. Three structures have 
l>een shown, Plate VI, Figs. 14, 15, and 16, which should be 
examined with relation to the data of Table VIII. 

It is e\ident that, even w^hen the precipitate is as fine as that 
showm in Plate VI, Fig. 15, the alloy has passed its point of maxi- 
mum hardness and w'ould be in a condition knowm as “overaged, 
while the coarse precipitate of Plate VI, Fig. 16, wxmld represent a 
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.n-m-unv ui nnnmmm >tr.-ugth and hardne^^, designated a« the 
nlleii or eondition by the .\lcoa system The 

^ ft ae pr.*sent in the condition of opnmum strength and 
f r lL- if not readily detected by ordinary nuerographte 
tf^hSnte for manv alloys, although special care in polishing and 
he uf of special etches generally icill reveal some stnictural 
latUition as compared to the initially as-quenched siipersatn- 
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Al-5 Per Cent Cr Alloy 
from 540'C. RF61 


Tirat* 

Tempera- 
ture, "C. 

0 

25 

2 hr. 

25 

1 day 

25 

1 week 

25 

1 montb 

25 

\ vesr 

25 

^4 hr. 

m 

1 lir. 

200 

5 hr. 

200 

24 hr. 

200 


Hardness 

Time 

RF6i 

1 hr. 

RF72 

1 hr. 

RF85 

1 hr. 

RF87 

1 hr. 

RF8S 

Ihr. 

RF88 : 

1 hr. 

RF78 1 

Mhr. 

RF90 

Ihr. 

RF87 1 

5 hr. 

RF83 ; 

24 hr. 


Tempera- 
ture, °C. 

Hardn^ 

150 

RF80 

200 

RF90 

250 

RF84 

300 

RF73 

350 

RF56 

400 

RF44 

300 

i RF83 

300 

! RF73 

300 

; RF65 

300 

1 RF43 


Strength properties generally show the same trends ^ h^ - 
ness but diictilitv may not show the usual inverse trend. The 
decrlwe in tensile-test elongation values during early stages of 
aging mav be slight, -^t about the point of maximum hardness or 
slight overaging, a sharp drop in ductility values is frequently 
oteerved. This stage seems to correspond to a very heat^ and 
almost continuous grain-boundarj' precipitation of the bnttle 9- 
WTien the precipitate has coarsened considerably, bnttleness 
iliniinL^hes and. at the point of minimum strength and hardness, 
the ailov again shows good ductility, the boundary precipitate 
now consisting of a few discrete, large particles of 6 (Plate VI, 
Fig. 16). -Ls the heat treatment temperature is further increased, 
to the vicinity of the sohms line, re-solution of the d phase causes a 
slight additional increase in ductility and a simultaneous increase 
in strength. 
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Aluiiiiiiiim idloys are subject to distortion and residual stresses 
when quenched in cold water as a result of the temperature 
gradients developed during cooling. Contraction of the more 
rapidly cooling surface compresses the interior- which plastically 
deforms to conform to the shninken exterior. As the center cools 
to the same temp.-rarire as the surfacCj it attempts to contract, 
hut by this the surface metal is cold and not very plastic. 
As a result, it is under an ela<tic compressive stress, and since the 
rigidity of the surface prevents the interior from attaining its 
stable dimensions there is a balancing tensile str^s in the central 
region.^ To mimimize the distortion and internal stress€*s result- 
ing from drastic quenches, many alloys are quenched in hot water 
which cools the metal more slowly and, relatedly, niimimizes the 
temperature gradients that cause residual stresses. The slower 
rate of cooling is still rapid enough to retain the solute in a super- 
saturated matrix solution ixcept at fjrain bounRarui^. 

Grain-boundary precipitation during cooling i or aging) may not 
adversely affect the mechanical properties attained by the alloy 
but may have serious consequences on its resistance to corrosion 
and on the physical properties shown l)y corroded specimens. A 
uniform chemical composition throughout the structure generally 
assures a uniform rate of corrc^ion which, in aluminum alloys, is 
quite slow. Alloys of aluminum with 4 to 5 per cent of copper, as 
quenched in cold water, are substantially in this condition, for if 
precipitation occurs, it takes place throughout the structure upon 
the planes of plastic movement during the quenching (see Plate 
VI, Fig. 15), and bs a result, corrosion is uniform. When these 
alloys are quenched in hot water to avoid distortion and stresses, 
the suteeqiient precipitation Ls concentrated at grain boundaries, 
with a related concentration gradient of copper from the bound- 
ary regioib^ to tiie remainder of the grains. The boundary area, 
of purer aiuniiniim (since precipitation of copper is moi*e com- 
plete), acts as an anode in an electrolyte, with the large area of the 
grain acting as a cathode, when this alloy is subjected to corro- 
sion. As a result, the attack is chiefly at grain boundaries and, if 
the alloy is in relatively thin sheet, as in aircraft structures, it can 
be seriously embrittled. The difficulty can be overcome by 
having the aUoy coated with pure aluminum, which, by the 
1 Kbmpf, Hopkixs, and Ivaxso, Tram. AJ.M.E.j 111 , 158, 1934, 
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electrolytic effect mentioned above, tends to protect the alloy, 
even at the edges of the sheet or at regions of cracks or other 
surface damage. 


ENGINEERING APPLICATIONS 

Most of the common metals can be improved by age-hardening. 
A partial list of important alloys of this type would include: 
Al-Mg, Al-Ciu -M-Cu-Mg-Si, .M-Mg-Si, Cu-Be, Cu-Cr-Si, 
Cii-Sn-Xi, Cii-A^i-Al (Cu-Co-Si experimental), Pb-Sb, Pb-Ca, 
Ag-Cu, Xi-Cu-Al Xi-Cu-Si, Alg-Al, Alg-Al-Zn, Other cases of 
age-hardening include precious-nietal dental alloys of Au-Ag-Cu 
(Zn) in which platinum or palladium may be substituted in part 
or in whole for the gold, although all alloys usually contain at 
least 50 atomic per cent of precious metal. In these alloys of soft 
elements, strengths up to 175,000 p.s.i. are attained, combined 
with good ductility. Copper with 2^2 per cent beiyllium may 
ha’ve its strength increased from 35,000 to 175,000 p.s.i. Iron 
with W per cent cobalt and 20 to 30 per cent tungsten, quenched 
from i400®C. and reheated at 700^0., may have a hardness equal 
to that of high-speed steel and maintain that hardness at 700°C., a 
temperature which rapidly softens the high-speed steel. Finally, 
deep drawing steel containing small amounts of carbon, oxj^gen, 
and nitrogen may be subject to age-hardening by any, or all 
thret^ of these elements. This is a case of an undesirable and 
unwanted aging effect. 

Commercially pure ingot aluminum (2S) is produced with 
approximately 1 per cent of impurities, chiefly iron and silicon, 
w’hich are always present in commercial aluminum alloys. 
Alloys, in the Aluminum Company designations, have a numeral 
indicating the composition, a suffix S signifying wu'ought mate- 
rial, and another letter designating the temper: H for alloys 
hardenable only by cold wmrk and 0, IF, and T for heat-treatable 
wrought alloys, wffiere these letters respectively signify: annealed, 
<tiienehed from a solution treatment, and quenched and aged to 
maxiiniiin strength. 

Commercially pure aluminum (2S) and alloys 3S (!}:£ per cent 
Mb) and 48 (1 f^r cent Mg, per cent Mn) are hardenable only 
by cold-worMng, ran^g from soft (SO) to rather hard (SH). 
The aloys very good conx^ion resistance. Typical prop- 

erti« and ap^cations are listed in the ‘^Metals Handbook.'' 
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Tilt* other wrought alhiys are the so-ealled ‘hstrong alloys/’ 
eoiifaiiiing copper and or magnesium and silicon as hardening 
a.2:c*iit>, in which the optimum proj>erties are developed by heat 
ireatiiieiit. These alloys show a range of strength of 48,000 to 
65, p.s.i. with about ^ per cent elongation in 2 in. 

Alloy ITS 1 4 per cent Cu, O.o per cent i\fn, 0.5 per cent Mg) is 
the ordinary I3uraliimin, available in sheets, plates, tubing, bars, 
nxis, wire, or shapes, and used extensively in the construction of 
motor coaches. trucLs, and aircraft. The magnesium acts in 
some unknown way to facilitate the precipitation reaction at 
room tem|M‘rature^ in this alloy after quenching. The element 
\isible in €*ast duralumin as a compound, MgaSi, which later 
dissolves in the a xu phase although subsequent precipitation 
seems to involve the compound MgsAlg. Alanganese Is pr^ent 
primarily to restrict grain growth during heat treatments. The 
silicon, pre^s^^nt an impurity in the primary aluminum, is also 
essential to the development of the best properties in this alloy. 

.\iloy 24S (4.4 {>er cent Cu, 1.5 per cent Mg, O.o per cent Mn) 
resembles ordinary' Duralumin except for the increased mag- 
nt^ium content. This alloy is considerably stronger than ITS but 
i> also more difficult to fabricate. Extruded and heat-treated 
rounds have shown tensile strengths of as high as 80,000 p.s.i. 

Alloy 25S { 4.5 per cent Cu, 0.8 per cent Mn) wbs developed as a 
strong alloy that could be more readily forged than the Duralumin 
types. Xot having any magn^ium present, it must be aged at 
an elevated temperature after the solution heat treatment to 
develop optimum properti^. 

Mioy 51 S (0.6 per cent Mg, 1,0 per cent Si) Is the nearest to 
pure aluminum in composition, corrosion resistance, and pl^ 
ticity at high temperatures, and yet by a solution heat treatment 
(dissolving the compound Mg^Si) and subsequent aging, a 
strength of about 48,0CH) p.s.i. may be developed. At high tem- 
peratures, this alloy is soft enough to be forged into ver\’' intricate 
shapes. 

The Duralumin alloys, ITS and 24S, are available in the form of 
sheet with a surface coating of pure aluminum (Alciad) which 
reprints about 10 per cent of the cross-sectional area (not count- 
ing the zone into which copier and magnesium have diffused, 
page 84). Alloy 24ST in the Alciad form is the basic alloy for 
aircraft structures. The aluminum coating prevents inter- 
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crystalline corrosion, even when the allo\‘ ls qu(‘n(*]i(‘(l in 
water. The strength of the composite is only slightly decreased 
(by about 5 per cent) when loads are uniform across the section, as 
in direct tension. The strength is more seriously affected by 
bending stresses, particularly repeated loads such as may 1^ 
encountered under vibratory conditions, in which the maximum 
stress comes at the weakest part of the structure, the aluminum 
surface, and may result in surface shear cracks (Plate VI, Fig. 13). 
Difficulties on this score, however, have been overcome by design, 
e.g., the use of channel sections in which the neutral axis is not at 
the center of the sheet and stresses are completely tensile or 
compressive across the section involved. 

Most of the cast alloys are primarily copper or silicon allop 
that are used without any heat treatment. The common alloy 
for general purposes is the Xo. 12 alloy, containing 8 per cent of 
copper. By control of iron and silicon impurities, the sand- 
casting characteristics may be improved as in the case of alloy 
Xo. 112 (7 per cent Cu, 1.7 per cent Zn, 2.0 per cent Si, 1.2 per 
cent Fe) and Xo. 212 (7.5 per cent Cu, 1 per cent Si, 1 per cent Fe). 

The high-silieon alloys, such as Xo. 47 or Silumin, have better 
easting characteristics and corrosion resistance than the copper 
alloys but should be modified, b^^ sodium treatment or chill-cast- 
ing, to obtain a finer grain structure and better properties. The 
5 per cent silicon allo.y, Xo. 43 or S.A.E. 35, requires no modifica- 
tion treatment and is widely used, particularly for making leak- 
pnK>f sand castings with excellent corrosion resistance. 

The high-silicon alloy is being displaced in this country by 
sand-east alloys which may be heat-treated to develop superior 
niechanieal properti^, e.g., Xo. 195. Another alloy which is 
more difficult to east but which, upon proper heat treatment, 
develops the highest strength and hardness among the present 
easting alloys is Xo. 220 or S.A.E. 324, containing about 10 per 
cent magnesium. It is also the lightest available aluminum-base 
alloy. 

Ordinaiw" automobile pistons are usually cast in permanent iron 
molds of alloy Xo. 122 (10 per cent Cu, 1 per cent Fe, 0.2 per cent 
Mg) or more rarely 142 (4 per cent Cu, 1.5 per cent Mg, 2 per cent 
Xi). These alloys may be heat-treated to develop maximum 
strength and hardn^ Mid then given a “degrowthing^^ heat 
treatment in which the metal is heated to slightly above its 
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l») in>iirra >tahU^r ami. there- 

fore. dimeii>iuiiai stability. 

A newer alloy, known as LO-EX or Xo. 132 iVS rent Bi, 1 
|)er eent (fii, I per cent Mg, 1.5 per cent Xi) is beeoniing predomi- 
nant for piston service. For airplane or Dit^sel motors, it may be 
produced in the more ex|x^nsive wrought form fas 32S) to caisurc* 
optiniiim It may lx* heat-trcaitiKl to develop excellent 

strength and hardnt*ss value?* while retaining a low coefficient of 
expansion, enabling elc^r photon fitting in motors. As is true of 
other high-silicon alloys, machining costs are highj and usually 
tungsten carbide tocds are required. 

Aluminum-base die castings are primanly silicon or siiicon- 
copf>er alloys such Xo. 5 -Si, 12.5 per eent), which is n^lstant 
to salt-water corrosion and ha< a teasile strength of alwiit 33,0(X) 
p.s.i., or X'o. 81 (Cu 8 per cent. Si 1.5 f>er cent) of about the same 
strength, a cheap iteneral-pr.rpose alloy which has Ixxm used in 
the United States more than any other aluminum die-ca<ting 
alloy and is generally known as Xo. 12 (the Stewart Die Casting 
Corporation’s number). 

All aluminum alloys may he anodically treated to develop a 
hard, inert surface oxide coating. On pistons, the increased 
hardn^ reduce w^ear or scuffing. On architectural aluminum 
spandrels and other exposed surfaces, the oxide coating reduc€^ 
staining and weathering. On die ca^^tings and drawn shapes, the 
rough oxide providers a base ensuring adherence of lacquers or 
other colored finishes. 


QUESTIONS 

1 . list the common physical and intH*hanical properties of coinrnereially 
pure aluminum. 

2. What is the basis of the corrosion resbtanee of aluminum and its alloys? 

3. Give the approxirnate hardness and tensile properties of Duralumin 
(17 Sj as [a? annealed, \bi heat-treated and aged, (C heat-treated, age<iy and 
coid-rolied. 

4 - What are the comparative advantages and disadvantages of aluminum 
copper and aliirniiium-silicon S5ind-ca.sting alloys? 

6. 'Wliat Ls Aleiad? What is the basis for its use in aircraft? 

$. Compare the tensile strength, elongation, and impact strength of 
aluminum-base^ and zinc-base die castings. 

7. Plot the hardness data of Table VIII and choose the most desirable 
aging time and temjxrature for commercial practice. Justify your choice 
from the viewpoint of costs, properties, and ease of control. 
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CHAPTER VI! 


PHASE TRANSFORMATIONS: COPPER-ZINC ALLOYS 

Copper-zinc* alloys or brasses containing up to al>oiit 35 per cent 
zinc are one-phase solid solutioas whose stnietiirai and property 
eharaeteristies were described in Chai:^. Ill and IW The phase 
transformatioas cK*eiirring with temperature changes in braasc^ of 
higher zinc content are of industrial importance in their own right 
furthermore, inircxiiiee the subject of transformations in the 
solid state which are of fundamental significance in studies of the 
stnietural features of stcn^ls. Only the cop|>er-zinc system will be 
treated directly, but the princi|)l(s^ governing these alloys may be 
appiie<i to structural studies of copper-tin bronzes or other copper- 
base alloys. 


PHASE DIAGRAM 

The solid solubility of zinc in chopper follows a course opposite 
to that shown by age-hardening alloys; it increases with decreas- 
ing temperatures from 32.5 pt*r cent at ^5°C. to about 38 per cent 
at 453®C. (see Fig. 8). There is some recent, but inconclusive, 
evidence that it changes course and decreases below this tempera- 
ture, but since there is no evidence of age-hardening in 38 per cent 
zinc brassy after quenching from 450®C. (except in '^recovery'’'’ 
anneals of unstable, cold-worked alloys, see page 35), the solubil- 
ity limit has been indicated by a dashed line in the low-tempera- 
ture i^ige. The line on the phase diagram showing this 
solubility limit as a function of temperature is appro.ximately par- 
alleled by another line showing the solubility limit of a solid 
phase laM^ above 453°C. and p' below this temperature. 
Between the uniform a solid solution and the jS solid solution, 
there is a field of mixed a and p phases. 

The horizontal line bisecting the a + p field at 453®C. is dotted 
to indicate that it is not related to a true phase change and thus 
ne^ not conform to the phase rule generalization (page 64) of 
three phas^ existing in eqxnlibrium at constant temperature. At 
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this temperature, jS becomes unstable and changes to /S'. The 
latter phase has a crj'stal structure identical to that of its parent, 
(3, a l)ody-centered solid solution, but whereas above 453°C., zinc 
and copper atoms are dispersed at random on points of the lattice, 
Ix'low 453°C. the copper and zinc atoms tend to occupy specific, 
fixed positions relative to each other, e.g., copper atoms at the 



Fi4a. S. — Pha^ diagram of the copper-zinc system, from 0 to 50 per cent zinc. 

eomeK of the unit cubes, zinc atoms at their centers. The latter 
eoadition is termed an ordered solid solution (see page 58). The 
ordered structure is one of smaller free energy and therefore of 
greater stability and, in this case, has considerably different 
properties from the equivalent “random'^ solid solution, particu- 
larly, much less plg^ticity. 

In iquid alloys containing from 32.5 to 38.5 per cent zinc, the p 
phase ori^nates at 905®C, with a composition of 37 per cent zinc, 
m a result of a ri^ction between a (32.5 per cent Zn) and liquid 
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iAs.o per eent Zii * written in tlie form a -i- liqahi ^ - 3, It 
i< failed ii prriifrtie. from ihe form pfri whieii means 

diiee. during the reartiun, a fr\>talli!e> will Ix" sur- 
nniiided hy the reartion pro<iin*T, i. whieh in turn is surniiiricled 
hy li«|U!d. !l is very unusual, iunvever, for a periieetie stnu'ture 
to visible in the mierosl met lire as siieli. Conser|iieiitly, it 
does Hot rank in indu-rrial i::.po-r*a!av- with the eiiteetif. Alloys 
containing from 50 to 95 per eent zinc eontain other phases result- 
ing from peritectie reactions, but these brittle stmctures are not 
useful industrially. For this reason only half of the copper-zinc 
pha^e diagram^ from 0 to 50 pc^r eent zinc, has Ixxn rc^produccMl. 

An alloy of 65 per eent copper. 35 pc^r eent zinc, under e(|iniib- 
riimi conditions, consists of homogeiiecius grains of a up to about 
780®C. Upon heating above this temperature, the alloy enters 
the two-phase field, a 4- which means that 0 crystals of a higher 
zinc content uibout 39 per cent Zn) form with a (‘orresponding 
decrease in zinc content of the remaining a. On heating to 
increasingly higher temperatures, the amount of a decreases and 
that of 0 increases, as may lx* (piantitatively e*stimated by use of 
the lever rule see page 49). At the same time, the concentration 
of zinc in both phases changes in accordance with the slope* of the 
phase boundary limits. At £K)5°C., some a remaias 

a = ( 100 ) = 44 re; +o6r & 

and, by supplying additional heat, the peritectie df*(*ornj>osition 
of the 0 forms more a and some liquid, 

QC K OR 

(100) = 58r; +- 12 r li<|ui<i 

Ail of these changes are reversible under equilibrium conditions as 
approached hy very slow cooling. 

The 60 per eent copper, 44) |>er cent zinc alloy contains some 0 
(or 0^) at all temperatures; at room temperatures, this amounts to 
about [(40 ” 38) ,■'(45.5 — 38)] (1(K)) or 26 per ctmt, but on heat- 
ing above 453°C. the proportion of 0 increases while that of a 
dec'reases and the zinc concentration in both phases decrease. 
At about 780°C., the alloy enters the single 0 phase field and it will 
remain a completely 0 stmeture up to the temperature of the 
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rtoiicliis line where melting begins in the manner previously 
desciibed as burning.'^ Again, these changes are reversible 
under equilibrium conditions of cooling, or the nearest approach 
to that almost unattainable state. It is unattainable during a 
cooling cycle because the diagram requires that, under equilib- 
rium conditions, both the relative amounts of a and p and, 
simultaneously, their composition (or zinc contents) shall change. 
This recj[uirement means that zinc and copper atoms must travel 
continually through the lattice (in opposite directions); not 
merely at the boundaries of the two phases, but through each 
lai^e erj’-stallite in order to maintain homogeneity of the phases. 
The metastable position of the solidus line (page 48) encountered 
in the simple solid-solution diagram has already been described as 
originating from incomplete diffusion, or atomic interchange, 
between two elements in a single phase. In a similar manner, the 
boundaries of the a + field are subject to displacement to the 
left under ordinary- cooling conditions. Thus the 60:40 alloy, 
after cooling in air to room temperature, may- show considerably 
more than the calculated 26 per cent of the phase. In addition, 
an alloy of 67.5 per cent copper, 32.5 per cent zinc, which accord- 
ing to the diagram should show no ^3', wall probably contain some 
on air-cooling relatively- small sections. 

Since normal cooling rates tend to result in metastable positions 
of the phase field boundaries of the diagram, very fast cooling 
rate^, by' preventing diffusion, may^ make them appear vertical; 
i.€„ the equilibrium structural condition for a high temperature 
may 1^ at least partially- preserv-ed, by- quenching, for observation 
at mom temperature. 

An alloy' of 62.5 per cent copper and 37.5 per cent zinc is of 
particular interest in that, under equilibrium conditions, it has a 
completely 0 structure at 900°C., and a uniform a. structure 
below alx)ut o00°C. Upon extremely- slow cooling from 900°C., 
it will gradually transform to a on passing through the a + ^ 
field, and this transformation w-ill be of a diffusion type, z.e., 
accompanied by- continual changes in the zinc concentration of 
tte m and 0 phas^. On more rapid cooling to room temperature, 
tl^re will be ^me r^idual 0 (or 0') in a metastabie condition, and 
the amount of 0 will increase with increase in cooling rate. How- 
ever, an extj^mely drastic quench from 900°C. into an iced brine 
^uiion i^lte in m entirely different structure. There is no 
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uplxjrtiioit y lyr the t in nxi-oii-^u ruing diffu-sion ty|K* of a formation 
in the temixn-atiirp range to but the iinf^tability of ^ 

at till* I«jw teiiiperaliirc* raiisei it to transform, at al'Kiut --14'^C.j 
to a faeiM'entered stnic‘tiire similar to a Init differing in that one 
of the c*iib'» ’i> longer than the other two; it is then c*alkHl a 
faecM-enterf^i tetragonal strueture. The high-temperature ^ and 
the rou!ii-!t*iiiperaiure a are of the siirne competition, and the 
f'hange from lMMly-<‘eiiterf*il cubic S to face-centered cubic a 
iei|!iin‘> only a slight contraction of the lattice in two directions 
Mid an expansion in the third. If the dimensional readjustment 
i- hicoinplete fl^ause of lattice rigidity at low tem|>eratura^), the 
iiitermcxiiate, unstable tetragonal lattice is found. 

Tile atomic adjiistmtaits requirtHi may visualized by refer- 
t ncc to the sketch of Fig. 9 showing four unit body-centered cubic 
(‘clls, la., four ceils of the 0 stnictim% dmwn in light lin<*s. The 



Fiu. 9. — Four unit cells ox the hody-ceatered cubic structure id) with specific 
atoms marked with Mack centers to indicate the structure might also he con- 
sidered as faccM^eiitered tetragonal. 

face diagonal of each cube on the top and bottom of the stnicture, 
with connecting vertical lines, will he found to outline a tetragonal 
structure where the length of the side of the base (face diagonal of 
the cuhe) is \/2 times the height of the tetragon. Furthermore, 
the body-centered atoms of each of the four 0 cubes may also be 
considered as centered in the four .side faces of the tetragon, while 
the top and bottom shared comer atoiiLs'of the cubes may be 
considered as centered in the top and bottom faces of the tetragon 
(the atoms which make up the tetragonal stnicture are shown 
with black centers). Thus a body-eenten*!! cubic structure may 
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b* etiiisidereci as a faee-eemered tetragonal structure; it is merely 
customary to designate it hy its more symmetrical form (see 
page 14;- 

The ditfiisionless trarL'-iorniaTii.m of the ti2.5:37.5 brass is of no 
eommereial im port aiiee since tiie requirement of heating to 
within a few degn*<‘s «if tlie melTing point gives ven' eoaree grains 
and tiie ^ rpipiin-d ran only attained in relatively 

thin metal sei*lioii>. Huwt‘ver. iht^ structure and its origin ait^ 
quite similar to the martensitic stnietiire of steels (page 145) 
which is of paramount industrial importance. 

MICROSTRUCTURES (PLATE 

Plate \T1. Fig. I. ExtnifiHl and air-<'(x>M section of 60 per 
cent Cu, 40 per cent Zn alloy (Muntz metal); X50; FeCI® etch 
(black phase is At the extnision tem|X‘rature, the alloy was 
eompieteh’ ^ and. upon deformation an«l cooling, a (white) 
formed in the 3 structure, first at the ^ grain boundaries and then 
inside the ^ grains. The a formation at the ^ boundari^ indicates 
the size of the ^ grains at the high temperature; parts of about six 
of former 5 grain.'' are visible. The a crystals, during initial 
formation in the # structure, must have their atoms in conformity 
with atoms of the B cr>’stals. This is a general rule for the forma- 
tion of any new solid phase in a solid matrix of different crystal 
stnictiire if/, preeipitaiion of ^caAs^ irom a^Ai during age-harden- 
ing, page 77 j. 

Usually, only one type of plane ot the matrix and one type of 
plane of the new pha'>e‘ have atoms in a similar pattern when 
compareci in a specific diret'tion. For example. Fig. 9 shows that 
the base plane of the face-centered tetragon (cube plane when it 
shifts to fac€*-centered cubic a) matches the cute plane of the 
IxKly-eentered cubic 3 when the edge of the base of the tetragon is 
in the direction of the face diagonal of the tKxiy-eentered cute. 
Thi^ conformity results in an alignment of the new phase, or, in 
only eertain planar directioas of the B phase. Sometime th^e 
planes are clearly outlined by the new pha^^, and the structure 
may then te said to show a WIdmamMtien -pattern,^ as is evident 

^ The orientation of the lattice in a phase, forming from a parent 

phase, is related cr>"st.allographicaiIy to the lattice of the |mrent phase. On 
a polished and etched surface, the traces of the plates, needles, or polyhedra 
of the new structure exhibit a gemnetrical pattern. Familiarly in cast 
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here to some extent. Frequently, later growth, stages of the new 
phase may form an equiaxed shape 'which obscures its crystal- 
lographic relationship to the matrix. 

Plate VII, Fig. 2. The same Muntz metal quenched (in % 
^ g-in. thick section) in water from 825®C.; X50; etched mtt 
XH 4 OH-H 2 O 2 so that a is dark and /3' light (colors reversed from 
previous specimen). At the high temperature, this structure was 
completely (see phase diagram). The quench preserved m(^ 
of the P but did not suppress completely the formation of 
particularly at the ^ grain boundaries. Note the direetioni 
character of the a forming as plates extending from the bounds 
into the grains (a Widmanstatten characteristic) . The relh 
tionship is also shown by a few", very small, isolated platelets d 
a within the grains. The ^ grain size is very coarse, as a result 
of grain growth in the single-phase range, 780° to 825°C. ; it was 
difficult to find sections showing as many as three grains for this 
micrograph. 

Plate \TI, Fig. 3. Same specimen as above (quenched from 
825°) after reheating 1 hr. at 450°C.; X50; etched with FeCh 
(colors again reversed so that a is light and /S' dark). The 
unstable of the quenched alloy changed over to a upon heating 
in the low-temperature range, resulting in the attainment d 
approximately equilibrium proportions of the two phases. Thm 
initial platelets of a at the grain boundaries have growm further 
into the former p grains, and their shape, as plates, is still evident 
by the sha|>e of residual crystallites betw^een the a plates. The 
vtry small plates or needles of a visible in Plate VII, Fig. 2 , have 
grown in a similar manner so that the quenched and annealed 
structure resembles that of the extruded stock (Plate VII, Fig. 1). 

Plate VII, Fig. 4. A different 60:40 Cu-Zn alloy quenched 
from ^5°C. and reheated at 500°C.; X200, FeCU etch. Thk 
stnieture differs from Plate VII, Fig. 3, in that wffiile a ciw^st^ds 
initially grew’ in a needlelike structure from the j 5 grain bound- 
•Anm, at a later stage, the a formed in more or less equiaxed 
sha|>^ and the r^idual 0- cr>’’stallites do not show’ any crystallo- 
^phie pattern or relationship of origin. This is frequently 
althcwigh not universally true; that the new- phase formed at a 

steel or werhtmted wroiight steel but a possibility in any alloy subject to & 
In the mM state. (“Metals Handbook.^') 
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hii^h tooip'ramre iiiiflr^r f^qirliirjriiim rc«iling fondition^ will Fhf>w 
ti patferii wliile thnl formed by annealing a 

in^tasiatib-' -trueture l> ec|iiiaxed iff. carbide structures 
fruin varifiiis heat treat mem of si page 153). Almost always, 
however, it is fairly t»ii.-y to distinguish lx*t ween structures fomi«! 
at high or low tem|)t%»*atures. Note the t\tin bands, faintly 
vi-hdo, 11 u rry-tub of ihi> -tnietun", formed as a result of 
strain accompanying the tniiL^formatiori. 

Plate \’[f. Fig. 5. Workt^d and annealed 65 per cent Cu, 35 
per cent Zn alloy ? common high brass) quench^ from 825°C.; 

ammoniiim pemilphate etch. .As ordinarily worked and 
aimealeil, this will have a uniform a stnieture showing 

annealing twins and a grain size characteristic of the sj^cific 
rolling and annealing schedule. However, U|X)n heating to 
825®C\, it enters the a ^ ^ field isee phase diagram). The new 
phase, d, forms predominantly at the a grain lx)imdaries and, to a 
somewhat lesser e.xtent, within the a grains. That forming 
inside the grains show’s the eiy'stallc^raphic relationship required 
of 5 forming in a; the d ts in lens-shaped plates on specific ciy^stal 
l>lanc*s of the a. Quen«*hing from the high temj>erature has 
preserved mcfest of the d &s 

Plate VII, Fig. 6. A cast 65:35 bra^^s quenched from 825°C.; 
X50: ammonia peroxide etch. The very coarse-grained east 
>t met lire shows no twins, but the Widmanstatten pattern of 
pktteiets ill two grains of a Is beautifully illiu^trated. 

PROPERTIES 

The mechanical properties of brgujs specimens with the micro- 
structures shown here can qualitatively estimated on the basis 
that a is rather soft and plastic, particularly when moderately 
coarse grained, that 0' is a rather hard and brittle phase, and that 
the couiinmm phase wiE have an effect out of proportion to the 
relative amount present. Inst^id of discussing properties of the 
individual specimens, data pertaining to corresponding structures 
aiT reproduced in Table IX, as typical of the properties develope<i 
upon heat treatment of small sections. 

Annealing the 60:40 bra^ at low temperatures following the 
S25'^C. quench results in an increa^ in hardness. At first it 
might seem anomalous for this alloy to become harder as the 
amount of the soft a ph^e increases. However, when the a 
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Table IX 


Heat treatment 

60:40Brass^ „„ 

(arsenical): 6o:3o Brass 

Rockwell E 
hardness 

H in., 

100 kg. 

Rock- 
well E 

Tensile 

strength 

Per cent 
elonga- 
tion in 

2 in. 

Quenched 650^ (10 min.) 

76 

32 

44,000 

64 

Quenched 700 (10 min.) 

83 

27 

43,000 

67 

Quenched 760 (10 min.) 

86 

23 

42,000 

70 

Quenched 825 (10 min.) 

93 

40 

50,000 

52 

Quenched 825= -h 250= (60 min.) 

106 

38 

i 49,000 

58 

Quenched 825 -f 325 (60 min.) 

100 

34 

47,000 

62 

Quenched 825 -f 400 (60 min.) 

93 

30 

45,000 

65 

Quenched 825 + 450 (60 min.) ; 

! 85 

27 

44,000 

; 67 

Quenched 825 A 500 (60 min.) 

* 79 

24 

' 43,000 

69 


forms at very low temperatures in a very disperse form, it causes 
precipitation hardening of the jS' matrix. There is a continual 
decrease in hardness as the a particles increase in size. Low- 
temperature annealing of the 65:35 brass, quenched from 825°C., 
is accompanied by a gradual decrease in the amount of although 
minute amounts are still present after the 500°C. anneal. The 
properties change more rapidly than the change in the amount of 
^ present because these anneals first tend to interrupt the con- 
tinuity of the ^ network (c/. Plate YII, Fig. 5) while longer tim^ 
or higher temperatures are required to eliminate completely the 
disperse particles. 

ENGINEERING APPLICATIONS 

Althou^ face-centered cubic oc brass is considerably softer and 
more plastic than the ordered body-centered at temperatures 
up to about 450®C., at very high temperatures, the structure is 
much more plastic than the a and is, therefore, preferred for hot- 
workiag. If up to 3 per cent lead is added for machinability, it is 
present as insoluble globules and, presumably, as a result of the 
e^nge of crystal structure of the 60:40 brass with temperature, 
the not im|mir hot-working properties. In a brass, how- 

ever, as little as about 0.04 per cent lead will make the metal hole 
short mme it k pr^nt as an intercrystalline film in the cast billet 
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Till' fiiaiiy yiher alloy.s of eup|>er cannot lie discussed in detail 
Ijiir, for Iniiary alloys at least, the phase diagrams and property 
data ill tie/ “Metals HaiidlHK.sk," together with a knowledge of 
lht‘ uiotaliiirgi«*a! -lyl-r - covereii in tliis ami preceding sections, 
fiutke it possible to visualize |>rubable sinic-tu res anci th(^ etiect of 
variations in easting, working, and lieat treatiiieiit on mecliaiiic*al 
proper! 

Brass screws and \'ariou> small liitiiig.'^ imichiried from rot! in 
liig!i-s|X‘ed automatic macliints> are usually of Muntz metal 
{6(]:40j eiioiaining several per cent of lead. For hot forgings, a 
similar alloy is employeii altlioiigh the leacl content will lie some- 
what lower and the c<»p|>er euntent a little liigher — c'hiefly to 
ensiin* IxUti^r duetility at ns an umiptu-atures while retaining 
hut -working |.)ro|‘>eri!es and maehinabiiity. If higher strength is 
desired, Muntz metal is alloyed with 1 per eent tin f Naval brass). 
The regular hot-forging gradt* may show 45,CKX) p.s.i. tensile 
strength, i8,CKM) p.s.i. yield strength, ami 25 jm’ cent elongation, 
while the Naval brass will run alx>ut o4,0CK) p.s.i. tensile, 22,000 
p.s.i. yield strength, and 25 per cent elongation. 

For still higher strength in brass mill pnxlucts, a 10 per cent 
aluminum bronze or the newer silicon bronzes are available. The 
aluminum bronze ma\' quenched from an elevated temperature 
and reheatml at a low temperature, with an accompanying change 
of properties as follows; tensile strength increased from 65,CKX) to 
80,000 p.s.i., yield strength increased from 25,000 to 50,000 p.s.i., 
elongation decreaseci from 15 to 4 per cent. 

Brass for extensive cold-drawing operations must have an 
entirely a structure. The properties of the a structure from 0 to 
38 cent zinc do not change linearly nor even follow a smooth 
curve, as was shown by Table VI in Chap. IV; the 70:30 alloy, 
cartridge brass, shows slightly higher strength than the 65:35 
ailo 3 V common high brass. Low or red brass, 15 to 20 per cent 
zinc, contains enough copper to give the allo^^ a red tint and is 
used where color, freedom from stress corrosion or season crack- 
ing, and superior corrosion resistance are factors of sufficient 
importance to just if the higher cc^t. Commercial bronze, an 
allo\' of copper with 10 per eent zinc, has a bronze color and is 
widely used, together with the 95:5 alloy, in applications for 
w’hich the color, softne&s, or common r^istance of the metal is 
suit^. 
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Pip^ and tubes are made of various copper-zinc compositions: 
^Iimtz metalj high brass, or red brass according to requirements, 
mainly in the direction of corrosion resistance. Red brass is 
generally best for water conduction, particularly if dezincifica- 
tion (removal of zinc from .surface), or pitting, are likely to be 
encountered from hot, impure waters. Condenser tubes may be 
made from Muntz metal, cartridge brass, the same 70:30 alloy 
with 1 per cent tin replacing a similar amount of zinc (admiralty 
metal), or 70:30 with 1 to 2 per cent aluminum replacing part- 
of the zinc. The tin or aluminum remains in solid solution and 
do^ not significantly affect the appearance or microstructure of 
the alloy but does noticeably improve its corrosion resistance, and 
aids in obtaining a finer grain and immunity from season cracking. 
The 80:20 and 70:30 cupro-nickels are superior to any of the 
braases in respect to corrosion resistance and strength, and are 
partieiilariy imiK)rtant for marine condenser service (page 59). 

QUESTIONS 

1. What would be the relative advantages and disadvantages in the use of 
40 or 70:30 brass for (a) cartridge cases (b) large forgings. 

% Describe two metho<k of varying the relative amounts of a and j8 phases 
in a 60:40 bmss by heat treatment. 

3. Why should 64:36 brasses be slowly cooled from a high temperature? 
If eooled too rapidly, how may the condition be remedied? 

4. Explain the eoui^ of the hardness vs. temperature data for the 65:35 

and the 60:40 brassf^s, as quenched from 650° to 825°C. (Table IX). 
3. How does lead function to increase the machinability of Muntz metal? 

6. What is the maximum copper content brass alloy that will develop 
d constituent upon annealing at very high temperatures (consult phase 

diagram)? 

7. How ^n. be distinguished from <ar in a duplex structure of the two 

eonstituents? 


REFERENCES 

Met^ Handbook,^’ section on Copper — Constitution and Properties of 
Aloys. 
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mON-CARBON ALLOYS: 

NORMALIZED AND ANNEALED STEELS 

Coiiimercia! are never binan” alloys of iron and carl>on, 

for manganesi^ silirun. sulphur and phosphorus are always present 
in the iron-t'*arl>oii alloy, as pnRlueed from pig: iron by any of the 
indiLstria! refiiiing prof*e>M‘s. Plain t‘arlHUi steels, produced in 
the y|jtui“heartii furnace using from 25 to 54) per cent scrap metal, 
ma\" also contain rt^sidual elements such as copper, nickel, 
ehromium, and tin, to name but a few, in amounts up to 0.1 per 
cent. .\ll of these c^lements will aJtect s<ime property of the steel 
butj in geneml, the effects are small. The iron-carbon phast^ 
diagram is not noticeably c*hanged by the presence of any of tha^^ 
residual impurities, or addition agents, such as manganese or 
silicon, in the amounts usually found in carbon stet‘ls. Modifica- 
tions in the diagram, in the properties of steels^ or in their response 
to heat treatment, as affected by larger additions of other ele- 
ments. will l>e discussiRi in later sections. 

PHASE DIAGRAM 

The phase diagram. Fig. 10, ha»s been reproduced with the 
carbon-concentration scale plotted so as to expand the area 
Including commercial steels, 0 to 1.4 per cent carbon, and com- 
press the area of cast irons, 2. to 4. per cent carbon, in which the 
exact earlx>n content is of lesser importance. The basis of the 
<iifferentiation between steels and east irons is found in the phase 
diagram and may be expra?.'^ in two ways. From a practical 
standpoint, steels have such a high melting jK>int (above 1440®C.) 
that si^cia! and expensive equipment is required to melt them, 
whereas east irons melt at 1S50°C. or less, a temperature much 
more readily attained '%*ith inexpensive equipment. How^ever, 
since the decrease in melting point (or liquidus temperature) with 
iner^m of carbon content is continuous from 1525 to 1142®C., 
this re^oning, while of practice importance, leads to no specific 
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Memarcatiou limit. A soeond meaiis of (llsliiiguLshing between 
the two classes of materials Ls on the basis of structure and 
properti^; iron containing up to 1.7 per cent carbon^ can be 
h^ted to a temperature at which it will show only one phase, 



Fig. 10. Phase diagram of the iron-iron carbide (metastable) alloy system. 


fa^-eentered cubic w^hile alloys containing more than 1.7 per 
cent carbon alwws contain y + FesC eutectic structure. The 
eutectic has some 50 per cent by weight (more by volume) of the 
brittle FesC phikse which tends to be continuous, and thus alloys 

» I^eat work by Gurry {Meiah Tech., 9 , April, 1942) indicates that the 
Afm fee cf Fig. 10 may be inct)rrect. The saturation solubility limit of car- 
bid® m at the eutectic temperature, universally accepted as 1.7 per 

mmt for many y^rs, appears to be about 2.0 per cent carbon. Tlie 

few ordiiiarily obtained is a result of incomplete homogenization of 
iMtenite te p. m, m comimre with the general effect of a metastable 
mii4m m eutectic syMems, p. 66). 



XfiHMALiZkl^ AXiJ ASS BALED STEELS 


ill 


ab.#v#r 1.7 per eeiit earbin. roiitainiiig eiiteetie at all tempera- 
tures, are ^-omewhat brittle. The enteeiie in alloys of Ims than 
L7 per eent earboii, resulting from iindereixiling, ran be di^lvecl 
in y which, faee-eeiitered cuiuc*, pla^tir. I’hb distinction, 
that steels can l>e hoi-rolleti ansi cast in ms can not, y not alms- 
Intely elear-ciit, however nmAy it tits* up with the ph^ di^mm. 
For example, iron** ■ whitej of abuit 2.25 |>cr cent eart>on, 
which contain only 2^ |>er eent of the eutectic* and ^ |>er eent <jf 
the y pha<e at aixmt 1 im%\, can be hot-roiled if the initial soak- 
ing at the high temi^rature l^foie rolling is effecdit^e in breaking 
the eontlnnity of the carbide in the eiitet*tic (by a^lomeration, 
page 166), and if the initial breakdown passes are mcxlerate. 
Alloys in tlie range from 1.5 tci 2.5 j>er cent carbon, then, aie 
iiiteriiicidiate Ix-^twf^ai stc^L< and ca<t iroas. ThL< should not lead 
to their bcdng t€-*rmed semistMs (page 203) for the^ reason that the 
latter designation htis fas^n used for such a wide variety of iron- 
(‘arbon alloys that it has become practically meaninglea-i. 

The phase diagram shows three horizontal lines, each reprint- 
ing a reaction involving three phaj^ and occurring at a constant 
temperature. The reactions may be represented as 

(1) At 1490®C., I rO.08% C) + liquid (0.55% C)^ 7 (0.18% C) 

(2) At 1 142X., Liquid (4.3% C)^ 7 fL7% C) + Fe»C (6.7% C) 

(3) At 723T., 7 (0.80% C)^ a C) + FesC (6.7% C). 

The soliditicaiion process, through the periteetic range (0.1 to 
0.5 per cent C), solid-solution range (0.5 to 1.7 per cent C), or 
hypc^utectie range 1 1.7 to 4.3 per cent C) of carbon content, 
proceeds as it do^ in any alloy system showing comparable condi- 
tions. For example, an allo\" of iron and 1.2 per cent carbon 
upon cooling from the liquid state to 723°C. behaves exactly like 
an aluminum, 4 per cent copper alloy ; solidifies in the form of a 
solid solution, 7 . and, as this cixiis past the line marked Aemj the 
decrease of solubility of FesC eaus^ the carbide pha^ to precipi- 
tate from solid solution in 7 which eorr^pondingly become 
depleted in carbon. The carbide preeipitatiom oeeun? chiefly at 
the 7 grain Imimdaries, although, if a'large amount of FesC must 
separate, it forms Widmanstatten plat^ within the grains. 
When the 7 phase reaches a carbon content of 0.^ per cent at 
723®C. (under equilibrium conditions), reaction (3) occurs. Tliis 
reaction is missing from the aluminum-copper di^am althou]^, 
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again, the construction of the phase diagram is identical if thet 
field is taken to represent liquid alloys. Because of the essentml 
similarity of reaction (3) to the eutectic (2), the former is known 
as an euteetoid. Whereas an eutectic represents the formation of 
a mechanical dispersion of two new solid phases, here y + FcgC, 
from a liquid, a eutectoid represents the formation of a dispersion 
of two new solid phases, a + FegC, from a solid, y. In both 
the two-phase dispersed structure has a distinctive appear- 
ance BS compared with either phase which may have formed in a 
different manner. 

The term hypoeutectoid has the same significance as hypo- 
eutectic. On cooling a 0.4 per cent carbon steel past the line 
equivalent to the iiquidus in eutectics, here called the Az line, 
crystals of a begin to form at the 7 grain boundaries and continue 
forming until, at 723*^C., they represent (0.80 — 0.40)/0.76 = 53 
cent of the structure (under equilibrium conditions), after 
wMeh the residual 7 of 0.80 per cent carbon content goes throu^ 
the eutectoid reaction. Hypereutectoid alloys behave in an 
identic^ manner, except that the phase separating from 7 at its 
grain !x>undari^ is FesC. 

Note that the solubility of FeaC in the a phase decreases iiom 
0.04 per cent carbon at 723°C. to about 0.007 per cent at room 
temj^ratures. This indicates that low-carbon alloys are suscep- 
tible to age-hardening w’hen cooled rapidly fl-om the vicinity of the 
eutectoid temperature (page 92), an effect known as quench-aging, 

TERMINOLOGY 

The iron-carbon diagram w’as one of the first metallic systenw 
to be studied, and this fact, plus the predominant commercial 
piixiuetion and use of steels among all alloys, has led to the 
application of special names for phases and structures, in addition 
to the l^ic Greek-letter designations. The common ones are: 

T == amienite, the face-centered cubic structure which can 
d^>lve up to 1.7 (or perhaps 2.0) per cent carbon at 1142°C. 

€t = ferrite^ body-centered cubic iron dissolving a maximum of 
§.CM p&r cent carbon at 723®C. 

Fe^C = mmeMiie = iron carbide or simply carbide.^' 

T + FejC = mMctic = ledeburite (see cast irons, page 195). 

m + Pe^ == fuleciofd = pearlite, the distinctive t’wo-phase 
gimcturc, formed from 0.8 per cent carbon austenite on slow 
filing past 
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and ,>-iiiphiir tmn hime o|:H^n-hearth gracfe. In aclditioii to thii^ 
differeEt^e in the eoatent of normally report^ impuritie^j phos- 
phorii," and the thr€H* major typc^'^ of steel can dif- 

lereniiated Ijy the coneentnitioii of an impurity not usually 
detemiinecl analytic-ally. i.f.. oxygen, prt-^erit in the com bin wi 
form lis an oxide. Xatumlly. oxygen eoiitent will var\' 
int'eively %\itL Tlie curbun content, no matter how the steel is 
prodiieecL By pre»c.^r‘.>*/s. however, the degree of oxidation of the 
liquid stc^d and. relatedly, the amount of residual oxide? in the 
final pnxiiiet, will decrease in this order: acid Bessemer (high), 
basic o|M?n-heailh«and baric electric flow by reason of the finiriiing 
slag). A description of the skill and knowlecige requiris^I to con- 
trol thf^ form, size, and di>pc'r>ion of the solid oxide in the final 
stesd lK\vond the scope of this b<x?k. but the importance of this 
final form Is paramount in many applications. Oxid(\s or oxide 
mixtures t FeO. MnO. and SiOe) with relatively low melting points 
am certain to segn-gate at the ori^al austenitic grain boundarii*s 
of the east metal and, if pre^nt in any considerable amount, 
impair the impact properties (st^e page 131). The same effect Ls 
true for sulphide.> or oxysulphides, Ixith brittle compounds. The 
amount of oxides in the finished steel depends not only on the 
steelmaking process, hut also on the operating conditions for a 
given prex^ess. The physical form in which oxygen is present may 
vary in earlx)n or alien' steels according to its chemical form, f.c., 
whether present as FeO and AInO, SiOs, CrsOg, AltOs, TiOg, or 
ZrsOs. Combinations of oxides forming low-melting-point con- 
stituents, particularly of an aeid (SiOs) and base (FeO), tend to 
agglomerate and form large “meiusions'- while the highest melt- 
ing-point oxides f Al, Ti, and Zr oxides) solidify while the steel is 
liquid and are ultimately dispersed in the much less objectionable, 
or, in resfMet to gmin size, beneficial, form of very fine particles. 

The size, amount, and dispersion of oxida? (or sulphide) affect 
meehanieal properti^ as prexiously mentioned. For example, 
l>ending properti^ may be advensely affwted when the bending 
axis is parallel to elon^ted stringen? of inclusions (bending \rith 
the fiber In addition, the welding characteristics of a steel 
am markedly affected. Bessemer steel strip (skeip) welds much 
letter thmi an equivalent op>en-hearth grade in pipe making by 
lap and butt welding, although it is not certain whether this is due 
to lom'-jnelting-fX)int inclusions or some other charaeteristie. On 
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the other hand, an unusually high oxide content in high-quality 
electric steel used for making aircraft propellers by welding may 
cause defects in the weld deposit as a result of the reaction 
between carbon and oxides in the liquid weld metal. Finally, a 
critical dispersion of very small oxide particles may inhibit grain 
growth in the austenitic state and considerably raise the tempera- 
ture at which coarsening begins. Thus, when dispersed alumi- 
num, titanium, or zirconium oxides are formed by additions of one 
of these elements to the liquid steel containing dissolved oxygen 
as FeO, the final solid steel is usually fine grained. This condition 
is of importance in carburizing at high temperatures (page 121) or 
in attaining improved physical properties in either carbon or low- 
alloy structural steels (page 136). 

GRAIN REFINEMENT OF STEELS 

Once a steel is in the solid form, the grain-size factors discussed 
in Chap. Ill become operative. The effect of oxide inclusions 
was covered in a general manner by stating that insoluble phases 
seemed to retard grain growth. Upon heating steels to tempera- 
tures below the Ac, line, the ferrite grain size may be increased, 
although this is noticeable only in relatively low-carbon steels 
(under about 0.30 per cent carbon) since the pearlitic areas of 
higher carbon steels interfere with boundaiy movements. 

Heating above the .4.^^ line causes the ferrite and carbide phas^ 
to go through the eutectoid reaction and form austenite. At the 
Ac. temperature, austenite of eutectoid carbon content forms in 
the pearlite. Several austenite grains may be formed in each 
pearlitic area and the number fomied is determined by the degree 
of o\’erheatmg. Rapid heating through the temperature 
r^ults in more austenite nuclei and thus smaller austenitic grains 
when all the pearlite has subsequently disappeared. This effect 
is eomplementar}" to that generally observed, since rapid cooling 
encourage greater nucleation and a finer grain. In a hypo- 
euteetoid steel, heating Just above the line merely forms 
Eiistemte in the pearlite areas while the ferrite grains remain in an 
amount determined by the carbon content. The ferrite grains 
may grow in size at each other’s expense in zones of mutual con- 
and since this ph^e is stable down to room temperature, 
the ferrite wiil not be affected if the steel is now cooled below the 
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J.. Im rhaii;i«‘ th*- f»-!ritr isndn >izf* and * Ibl rihiitioii, it i> 
to rniitiniio hoaTinir th#- psL^t tho A,, ttmperutun\ 
fhn- : ia- au.-ioriito irniiii." n» ai»'-orif th#^ iVrrito. The initkl 

au-'leiiilir irrain >m* ui*hiovt^d u|mi!i hoatiiit^ tin* upper 

eritkail temiMTature •J,-., - tla'in a iniiniioii uf iIm* aiiimifil nf 
rartxin present, whirii ikdenuira-- the amount of pc^arliie areas in 
\\hie!i Ml- uu-tenin- ’l.r -ize *>f the ferrite tind ]M*arli!e areas 

originally present in the ami the rate of hf-atingthrougli the 
eritieal lemperatiires. Oiiee in the o::e-ij»ha.''e 7 field, grain 
gruwtli may resiih in eoar<€^iiiog the austenite grains, ant! it is in 
this range ul heating that oxide inehisions aifei't the grain sizt‘ 
resulting from heating to spc^tufie tem|>emtiirt,*<. 

When the stt^d is cooIhI l^dow the temperature, ferrite 
«‘ry>i als '-t art to form at t lie ausienitie grain boundaries. As {‘oob 
ing eontiniies to the At,, the fii*st fc^rrite er\’stals grow and more 
form, ehiefly at the grain ix.nindarits' of the 7 piia^cp although in 
low-earbon steel some form within the* y gndii<. At the Ar, line, 
the steed consists of austenite erx'stals surrounded by ferrite 
erx’staLs. These latter are unaffected by the eiitc^doid reaction, 
during which the austenite traiL<forims to pt^arlite. The ferrite 
grain size consequent ly is determined by Aj the austenitic grain 
size from which it originated (fine-grained ainstenite has more 
l.Mjundaries, thus more sites for nuedei), and i 2 ) the cooling rate, 
spec-ifically from the Ar, to the Ar.. For optimimi grain refine- 
ment, the steel shoiiki !>e healed to just above the Ar^ and then 
cooled as rapidly as the section size or hardness and residual stress 
specifications (see page 150) permit. However, since an initially 
very coarse st rued lire would still not give as fine-grained a struc- 
ture as a Ics^s coarse one, a repetition of this treatment can result 
in further refinement. The high temperature, above the A^^, to 
which the steel must Ix^ heateti, sets a minimum for the attainable 
grain size, usually met upon a second treatment. 

Hot-forging is a general term applied to the hot-working of 
metals by means for forging machines, hammers, and presses. 
Steel ingots may be forged with the ohjei't of iniproiing the struc- 
ture and properties of the ingot for subiec|ueiit working; the 

^ These dt^igriaiions were defined on p. 113 as linens on the phase diagram, 
hilt they are usually employed to designate a specific teniperature whos<‘ 
value may he a function of the ^rbon content or heiitiiig and cooling 
eonc!itk>ns. 
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forging at elevated temperatures promotes diffusional activiti^^ 
thereby favoring chemical homogeneity, refines the grain, and^ m 
certain highly alloyed steels, is effective in destroying the con- 
tinuity of troublesome carbide segregates. Forging is also 
important process for converting a block of metal to the approxi- 
mate dimensions of a finished article, and forgings, in many cas^ 
are competitive with castings. The direction of flow of the meta, 
during forging to a specific shape is of considerable importance 
since the physical properties of the final product are nqticeablj 
lyetter in a direction parallel to that of flow than they are in a 
transverse direction. This “ fiber effect may result from align- 
ment of oxide inclusions in the direction of flow or from an align- 
ment of segregated areas of incompleteh^ homogenized austenite. 

When steel is being hot-worked in the austenitic range, the 
deformation may give a finer y grain size than would be attained 
othenvTse, particularly if the steel is deformed at a temperature 
within the critical range (Tr, to An). The ferrite forming in a 
deformed austenite has a considerably higher degree of nueleation, 
f.e., many more sites at which to originate and, subsequently, the 
ferrite grains are also deformed and spontaneously recrystallized. 
Thus a ver\" much finer ferrite grain size is attainable than that 
achieved by purely thermal treatments. If the ^^hot ” working is 
continued below the An, however, the time and temperature rela- 
tionshif^ may not result in recrystaUization of the ferrite, and the 
deformation then is in reality cold-working. After forming, the 
foi^ng may be heat-treated to produce the desired structures and 
properties by treatments essentially the same as those applied to 
easting of the same composition. 

microstructhres (plate rx) 

Plate IX, Fig. 1. Section from an I beam; XlOO; Nital etch. 
The structure repr^ents ferrite, with a moderately fine grain size, 
and perlite in an amount w’hich might represent about 0.15 per 
emt carbon. The actual ferrite grain size in any of the common 
structure steels is chiefly determined by the finishing temperature 
of the hot-roHing prwe^ and by the size of the finished section or, 
more fundamentsdly, by the cooling rate through the criticfd 
ran^. An analysis of this steel shows a manganese content of 
about 0.40 i^r cent and a ^con content of 0.15. Its mechanical 
pmparti^ wm: yidd iK>int, 40,000 p.s.i. ; tensile strength, 60,000 
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p.-J.: dungitiiori. 35 pw 2 m.K and recJiietiuii in urea. 62 
|>er eent. 

PhiTf' IX. Fig. 2. Sec'titiii from a low-ailoy, liigh-i^trength 
s! ri iH II rul <t page 1 36 1 : X I CM) : X it a! et eh . Tlif ^ a of 

t lid st€^l f 0. 13 per eent C, 0.70 fx^r ei^nt Mii. O.SO per eeot Si. 0.2^1 
f)er eent 0.6^) |>er eem Cr, 0.15 per eent Xi. 0.10 per ec^nt Mo, 
(1.12 per Zr for tiie fine grain ^^ize of the ferrite, 

partieiilarly the zin-onium emplfived to dwixiciize the liquid nteel. 
It5 strength p-n^pertif^ in an I beam (Plate X, Fig. 1), would 

yield point, 56J^)0 p.s.i. : tensile strength, 78,000 p.s.i.; elonga- 
tion, 36 per cent i2 in.): reduet ion in area. 72 per cent. 

Plate IX, Fig. 3. Section from alloy stnictural steel (railway 
generator *'hait ) containing 1,25 per cent Mn and 0.10 per cent V; 
X 100: Xital etch. The alloying elements, partieuiariy vanadium, 
have made this steel very' fine grained, a <iesirab!e condition for its 
particular service. The carlxm content appears to be about 
0.40 per cent but is actually only about 0.30 per cent. The 
smaller amount of ferrite is partly a remit of a rapid cooling rate 
through the critical temperature and partlv a result of the lower 
etjiiilibrium carbon content of the eiiteetoid when the manganese 
content is raised. Thus with 1.25 per cent manganese, the 
equilibrium concentration of the eutc^toid is displat^ed from O.SO 
to 0.72 per cent carlx)n. 

The stnictiire of the rod is not uniform in respect to ferrite; 
some areiis contain more ferrite and less pearlite than others. 
The high- and low-ferrite areas are Ix)th parallel to the rolling 
direction. The resulting handed structure is frecpiently encoun- 
tered in steels. It is related to a segregation of certain elements 
in the original ingot that is not removed during hot-working. 
Areas of austenite high in phosphorus are elongated into bands 
parallel to the rolling direction. Since phosphorus rais^ the 
critical points, specifically, the Ar^ temperature, ferrite starts 
forming first in areas high in phc^phoms, and this tends to dis- 
place carbon toward adjacent areas. The final result is a banded 
structure having a nonuniform distribution of ferrite and pearlite 
with respect to the rolling direction. Phosphorus is not the only 
element that can produce this effect ; nonuniformitj" of com- 
petition of the austenite may cause it to some degree. If carbon 
w^re s^egated (this generally would occur only by surface 
decarburimtion since carton diffuse imdily in austenite), areas 
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ji.n ?!! “A'l .nld -lari t»» t!;fii>.fiirfii fii>t, th*' J r 

with hi lairirtai inniUAi* . A> ihrriti- liirmc^d. it would 

di-p!ai*o I ho ourimn oiigiiutily in the where it wan 

^ruwiiiii; toward the adiaot-iit If maiiijitn«»so were 

ferrite would sijirt forming fir^^t in areas in 
maiigaiies€\ -inee tlh< elf-nient de|iri^-e< the Ar,. and again hand- 
iiiii wo’ad ro-uh. 

Plate !X, Fig. 4. SviAhm from u -leei rail: XH’K): Xifal Hvh, 
Rails ref pure grt^ater strength aiel hardii<^--s than ordinary stme- 
furai Sit^4s and are generally inadt^ o! stt^ds approaehing thc^ 
eiiteetoid in earlxiii eonten!. Thi> partieular rail appears to 
contain about 0.75 per cent eai*!>i>n, although ai'tually .-oniewiutt 
les-- them that is pn^ent '0.6S per eenti; the ahnumiaily small 
anKUint of ferrite resultHl from fairly rapid etKiling in air with a 
relatcnl depressiem of the temfMTatiire ipage 140). There are 
a few elongated streaks of ferrite not completely confined to an 
austenitic grain I.K>un<.iary. These show the (iirect ion of rolling of 
the rail and are related to phosphorus s€-*grcgation as in the banded 
stmetiire of the mariganest*- vanadium st<*el. Some of the ferrite 
bands show rdongatesi !i<»iime!al!ic inclusifms of either sulphkh^ or 
(hxidts iof a darker color than the ferrite). 

Plate IX, Fig. 5. Section from a large stt^el casting; X50; Xitai 
etch. This structure re|.>ri^ents a (h-f retire easting, not one found 
in gooti ca'^t steels, h contains about 0.35 per cent carbon and 
has pn>!iably betui given one heat treatment, since in some areas a 
moderately tine^grained ferrite ami peariite stmctiire is visible. 
However, other areas have large aggregates of ferrite and, in the 
midst of the^e. a string of small globules is visible. At one point, 
there is an eutecuie-appearing mixture of particles at the intersec- 
tion of three former austenitic graias. These are oxysulphide 
Ineiiisions which formed in the last part of the structure to freeze, 
the aiistenitie boundaries. The large sections of ferrite probably 
resulted from phosphorus segregation in the same, last-freezing 
areas. The appearance of ferrite inside the former austenite 
grains suggests that one heat treatment, an inadequate one, was 
given the casting. The gross ferrite areas cause this steel to have 
poor strength properties while inclusions at the original austenitic 
grain boundaries a re conducive to poor impact and fat igiie st rengt h . 

Plate IX, Fig. 6. Same easting as Fig. 5 after double heat 
treatment; X50; Xitai etch. The poor stnieture has been elimi- 
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nated by a double anneal. First, the steel was heated 200*^? 
above the to ITSO^'F. (950°CO, and held for 2 hr. to homo- 
genize the austenite. After furnace cooling, the structure 
unifoim but not particularly fine grained because of coarseness of 
the high-temperature austenite grains. The steel was then 
reheated to about 2o°F. above the held only long enough to 
ensure completely austenitizing the structure, and subsequently 
air-cooled. The final structure is uniformly fine-grained and 
would show good strength. However, the distribution of inclu- 
sions has not been changed; they are not readily \dsible now but 
still retain an envelope type of dispersion. While the resistance 
to impact str^^ and the fatigue strength of this structure are 
superior to the values shown by the original steel, they are inferior 
to those of good eastings. The form of the inclusions can be 
changed only by modifying the original melting, deoxidizing, and 
easting procedure. For example, the addition of an element 
which would raise the freezing point of the inclusions and cause 
them to solidify before the steel, would produce a uniform rather 
than intergranular dispersion. 

PROPERTIES AND ALLOYING EFFECTS 

AImt common structural grades of carbon or low-alloy steels 
are used in the hot-rolled condition, for heat treatment of long 
sections is difficult and expensive. The effect of carbon content 
and of finishing temperature on the amount of pearlite and the 
ferrite grain size has already been discussed, as well as many of 
the other variables relating to these two structural conditions 
which determine the strength properties. Steel castings, after 
being h^t-treated for grain refinement of their stmctures, 
Tremble structural steels, of comparable analyses, in most 
proj^rti^. 

When cost considerations permit, other elements may be added 
to the carbon steels, or the usual small amounts of elements 
such m manganese or silicon may be increased sufficiently to 
noticeably alter the normal mechanical properties obtained with a 
sp«?ifie carbon content. This in effect comprises the usual defini- 
tion of an alloy st^L Alloyring elements in structural or cast 
not h^t-tr^ted for any purpose other than grain refine- 
ment, genei^ly aje elements that strengthen the metal by enter- 
ic into ^lid elution in the ferrite, thus giving a normal solid- 
strengthening effect. Nickel and silicon both fall into 
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this Mangane-e partly di^j^olves in ferrite and 

partly enters ihe earbide. di-pia-j'in-ii some of the iron to form 
. Ff* — Mii .-Ch All these ekmient^, Imt particularly mangan^e, 
ai>o art to strengthen the stfs4 by tlr^'reasing the f*arlM;m eontcmt 
s)f the eutertoid. which eaiisfs; a given earlxm eoniamtration to 
n^iilt in more pearli?e and Ii*>s ferriie. 

Soiiit- elene/ii*-, a- «*hrorniimi. moiyMemim, and vana- 

dium, enter almost entirely in the <*arbide phtise. Their strong 
c‘ar!>if!e-forming tenrieney y related to the stability of the carbide 
formcHi. and the stability results in a slow rate of solution in 
austenite with a relatfxi tendency for line grain size. These ele- 
ments are more generally useti in heat-treat wi steels (Chaps. X 
and XI ? alt hi High tliey may !>e iitiiizeti for structures or casting 
(operating at edevated ternpCTatiire>. Here, stable carbides cause 
the entire stnicture to he more stable or to change (by growth of 
carbide particles 3 mori* slowly with tim€\ 

EHGmEERIHG APPLICATIONS 

In the liekt of civil engineering and building coast ruction, large 
structures, such as bridges and buildings, recpiire steels of moder- 
ate cost, as sp€*eitied by the A.S.T.M., in structural grades of plain 
carbon, so-<*alled (low) silicon steel, and the more expensive 3.5 
per cent nickel steel. The yield point of the nickel structural 
steel is at leiist 50 per cent greater, and of the silicon steel about 
40 per cent greater, than that of the carl>on steel. This is, of 
course, partly because around 0.4 per cent carbon is specified in 
the former steek while only 0.2 to 0.3 per cent carbon would be 
used in the plain carlKjn steel to obtain the properties designated. 

Medium-manganese steel containing, e.g,, 1.60 per cent man- 
ganese. with 0.33 per cent carbon and 0. 18 per cent silicon, as used 
in the main eompr^sion memben^ of the Kill van Kull Bridge, ^ is in 
competition with the other high-strength structural steels used 
in the as-rolled condition. On cooling after hot-rolling, it tends 
to develop an extremely fine pearlite structure vchich probably 
accounts in large measure for its strength — ^ueld point over 
58,0(X) p.s.i. and tensile strength over 100,OCM) p.s.i. 

In addition to the structural steels used in the as-rolied condi- 
tion, heat-treated mild earl>on grade steels, of comparatively high 

* .Vdditit>iial mforiiiaiioii 011 llit* stt*ek eiaploytHi in bridge struetiires may 
l>e obtained by eoiisuiting the artieie from which thcs^* <lata were tibstraeted, 
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strength, have been available to bridge engineers since 1915. 
Heat-tn*ateii eye Inirs, for use at a unit stress 50 per cent higher 
limn that specified for ordinary structural steel, were adopted for 
till/ priiieipal tension members of the Carqiiinez Strait cantilever 
bridge in C/alifornia. Their cost was approximately one cent a 
pound alfove the cck<t of ordinary structural steel eye bars. Silb 
1*00 stetd was used for the towei-s and compression members of this 
bridge and for the towers, floor, and anchor girders of the George 
WiL^liington Bridge over the Hudson River at Fort Lee. It also 
cost aixiut 1 c*enT per |>ound more than ordinary structural steel 
iis against some 2.5 cents per pound for the standard 3.5 per cent 
iiiekei steel which, in spite of high cost, has been specified for 
im|K)rtant meml>ers in many bridges, such as stiffening trusses in 
the MaiilnUtan Bridge ^S.IXK) tons from a total of 44,000 tons of 
steel in the entire bridge).^ 

Heavy steel rails are typically of eutectoid composition, with a 
mimmum of alxiut 0.50 per cent carbon for the lighter rails. 
They were formerly always used in the approximately normalized 
condition pnxhiced by air-cooling after hot-rolling. In recent 
y«ii*s, however, rails subject to particularly heavy ser\ice have 
come to l>e heat-treated. The\' are usually allowed to cool from 
the hot-rolling operation to below the critical temperature, then 
reheatHi to the austenitic condition and the ends quenched in an 
air blast. Subsc*(|iiently the entire rail is permitted to cool slowly 
in air and. in this stage, heat flows from the main body of the rail 
and tempei^ the air-<*ooled ends. Structural variations, from 
moderately coarse to line peariite, will be found in the various 
parts of the rail. i.e.. the head, web, and flange, according to the 
differing cooling tentleneies in these regions, while a very fine 
st met lire is found at the ends (page 146). The heat- 
tieated structure shows a somewhat higher hardness at the rail 
ends, which are subjected to a greater battering effect by the 
passage of trains. In addition, the main part of the rail, although 
slightly softened by the slow cooling, shows very much increased 
r€*sistaiiee to impact loads and to failures from transverse fissures 
and other internal defects. 

Specifications for steel citings cover a rather wide range 
iniduding mi'imn steels and alloy steels for general industrial, or 
railmad and marine, street oral purpc^es, as w^ell as alloy steels for 

5 tmnimit- €m IM. 
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fkiogfc^^. and fittings for serviee at temperatures up to about 

tIMPC. ^ciull red). 

Tlif (*arfioii eonteiit of the plain earlKiH stec4 eastings is left to 
thtMliseretion of the manufac'turer, but it 'i> no! intemiedthat heat 
tmitment {siiidi as Iif|uid qiiencdiiiig or ^praying, and tempering), 
other then aiinealinir or nfjrmalizing, shall required in order to 
dt'Veiop die .strength properties. On this ha<Ls, the 

earboii would normally nm from 0.2 to 0.3 per (*ent in the soft 
(‘listings TO 0.5 or 0.6 per cent in the hardest. The ehemical 
eom|x>sitions range from 0.5 to 1.0 per cent of manganese and 
from 0.2 to 0.75 per rent of silicon to ensure satisfactory deoxida- 
tion of the l!i|uid stcMd, while phosphorous and sulphur are not 
allciwed al>ove 0.05 and 0.06 per cent, respectively, by reason of 
their embrittling effc^ct. 

The alloy steel ciistings specified by A.^.T.M. for structural 
purposes are divided into three classes according to the following 
criteria: 

The tension recpiirenients for Class A eastings are intended to 
apply to eastings of such design and dimensions that they may be 
regarded as iin.-uitable for any method of heat treatment other 
than one tiiat includes slow furnace-<‘Ooling from above the criti- 
cal temperature. In Class B castings, the properties are obtained 
by air-<:‘ooiing, which is regarded as a safe procedure for the great 
majority of alloy-steel eastings, developing in them the highest 
tensile-strength and peld-point values that can be obtained from 
the materials by any method of heat treatment except liquid 
quenching. In Class C eastings, liquid quenching followed by 
tempering is the approved treatment. 

The chemical specifications limit only the phosphorus and 
sulphur to 0.05 and 0.06 per cent, respectively, and the manufac- 
turer may use carbon, silicon, manganese, and other allo>dng 
constituent .s at his discretion in obtaining the requisite physical 
pn>perties in ail three classes of castii^, which range from 75,000 
to 150,CKM) p.s.i. tensile strength, and from 40,(X)0 to i25,CKX) p.s.i. 
yield point, with elongation in 2 in. never below 10 per cent and 
reduction of area never below 25 per cent. 

Under these specifications, many types of iow’-alloy steel may 

offered, such as vanadium, chromium, chromium-vanadium, 
nickel, nickel-chromium, chromiiim-mol.vMemim, or manganese 
steel. 
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The alloy steels intended for service at temperatures from 4(K1 
to 6CX)®C. f A.S.T3L A157-41) are divided into two classes ; ferritic 
steels of nine kinds, specifically, C-Mo, Cr-Alo, Xi-Cr, Xi-Cr-Mo, 

4 to 6 per cent Cr, 4 to d per cent Cr-Si-^Io, 8 to 10 per cent 
CT-Mo, 13 per cent Cr, and two austenitic steels, 18 Cr and 8 Xi 
or 8 Cr and 20 Xi. The ferritic steels may be annealed, annealed 
and drawn (heated 150°F. above the ser\’ice temperature), 
normaliziKl and drawn, or normalized and annealed. The 
austenitic steels are given a suberitical stabilizing treatment; f.e., 
they art* heated to a temperature and held there for a sufficient 
time to ensure a stable carbide structure. 

LOW-ALLOY HIGH-STRENGTH STEELS 

The advent in the steel industry' of continuous rolling mills, 
with a high productive capacity for sheet steel at a low unit cost, 
has stimulated investigations into new means of utilizing the 
priMluct. t)ne innovation of this character has been the develop- 
ment of a new type of steel ha\ing a considerably greater strength 
than earlxm steeds in the equivalent hot- or cold-rolled condition. 
The increased physical properties are achieved in most cases by 
the same type of structural modifications that have been previ- 
i>ysly discussed, i.e., by refinement of the ferrite grain size and 
.^lid-solution strengthening of the ferrite structure. The new 
a<pec*t of .this development enters by reason of the use of small 
amounts of expensive alloys, such as nickel or chromium, and an 
extensive use of low-cost allo^dng elements, such as mangan^, 
silicon, copper, or phosphorus. The effect of phosphorus on the 
properties of steel for many y^js tvas believed to be an embrittle- 
ment at low temperatures. This misconception arose originally 
from the many brittle failures encountered with high-phosphorus- 
conteat steel rails during the first winter of operation on the 
Trans-Sil^riaa Railroad. In the latter part of the nineteenth 
eeBtiiiy* , phosphorus w’as known and utilized as a strengthener of 
Recent work on the low-alloy (and relatively low-cost) 
M^-strength steels has rediscovered this fact and outlined the 
eonditioiK under which low-temperature embrittlement will or 
wil not apimr. In general, the phosphorus content of a steel 
nmy be ^nriderably incimsed if the carbon content is low^, and 
vice versa. 
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The iiirreasefi strength of the low-alloy >teeh ha.^ permitted use 
of the ihimier seetioii> that may Ik* reariily produced hy a continu- 
ous mill and dc^spite the higher cost per unit of weight, the 
ir-»er weight of tlic final structure may rc--ult in direct inetal-eost 
r<‘«>nomMs^ as well ol^vious hut less liertTininate savings possible 
when the lighter st met lire 'i> one that i> movni ? /.c., a freight car, 
truck liody, etc.}. However, the u>e of thinner shm metal 
rc^qiiired a compensating improvemeiit in corrosion r(*sistance to 
prolong the useful life of the stnicture. The addition of eopp(*r 
iand phosphoriisi is effective in somewhat improving the rcshit- 
aoee to w'eathering as well increasing strength, but generally 
painting must still l>e relied upon for adequate rjrotet-tii,;n. 

QUESTIONS 

1. How woulfi it be p«:sssihle to differentiate tKtween three hot-rolled steed 
'Specimens of idejitiea! shajMo size, and earlK>n content, if one had 
produced by the acid He-sfoner. one by the }»aS!C orKoa-heartli, and one by 
the basic electric pn>ee>s? 

2. What might 1^ the difference found in the structure and properties of 
rivets heated to al^ciut 2000T. and then hammered (a) at 1900"F., ib) at 
1325==F., {c'i at 600T.? 

3 . Wh;i: is the liifference, if any, between the strength of laigt*- and siruill- 
>ection commercial hot-rolled steel shapes? Why? 

4 . Cast or forged carbon steels of the same t-om posit ion can be heat 
treated, i.e., normalized and annealed, to attain approximately the same 
Brinell hardness and tensile strength. What would he their relative posi- 
tions wdth regard to ductility and diretUionality of properties? 

6. Why is the structure of cast hypoeutectoid steel coarse when in the 
as-cast condition? What structural elements are present? 

6. How W’oiild you refine the grain of cast steel (*ontaiiiing 0.30 per cent 
carbon? 0.60 per cent earix)n? 

7. When should a double annealing heat treatment be given steel castings 
and when w’ouid it be unnecessaiw'? Would it be as necessaiw’ for large as for 
small sections? 
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CHAPTER X 

THEORY OF^ HEAT TREATMENT OF STEELS 

Steels may be beat -treated in order to aecomplLsh one or more 
of the following objectives: (1) the elimination of hydrogen, dis- 
solved during pickling or electroplating, which causes brittleness; 
(2) relieving ini<*rost reuses in the atomic lattice that increase 
brittlen^ (tempering or drawring); (3) relie\ring macrostressei 
that may cause distortion upon machining or faUures in service 
{stress-relief annealing) ; (4) eliminating the effects of cold-w’ork 
{subeiitical or process annealing) ; (5) changing the structure to a 
more umform condition (normalizing) ; (6) changing the structure 
to a softer or more machinable condition (annealing, full or 
spheroidiziiig iyp^) I (^) enhancing the strength and hardness 
properties to a marked extent (hardening, usually followed by a 
tempering treatment). Of these heat treatments, t:vT)e 1, per- 
formed at 2^ to 450®F., Is accompanied by no visible change in 
the microstractiire and, writh 4, is not included in this discussion. 

FORMATION OF AUSTENITE 

Almost all steels, e.xcept the highly alloyed austenitic types, 
consist of the stable phases, ferrite and carbide, when they are 
macMned or otherwrise formed to shape prior to final heat treat- 
ment. The first step in the heat treatment is to austenitize the 
steel; t.c., heat the metal to a temperature above the Ae^, or above 
the A eg if it is of h\'poeuteetoid composition. The austenite does 
not immediately form as a homogeneous phase throughout the 
Htmeture, Some time is required for the initial austenite nuclei 
to grow by absorbing the surrounding ferrite and carbide crystal. 
Even after the structure has completely transformed to austenite, 
it is not n^e^ariJy homogeneous; areas which were formerly 
femte may be ^mew'hat low- in carbon, and those formerly 
carbide may high in carbon concentration. In the case of a 
h>T^ut^toid sted, some time may be required for carbon to 
diffiiftc into ar^ which were previoiisly large ma^^ of ferrite. 
HjT^reiitectoM steels are hardened from a temperature betw^een 

1 ,^ 
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.1 ... illid the .li -onit^ iindisj^lveci earbide,< reniaiii 

ill lilt* and the aiisteiiite in the vieiniiy of these earf3ides 

5sii!iit*diaiely have the >aiiie earlnin eontent as it has 

eist^wiiere. 

The time retfuired tn obtain hoiiioireiieous aiiste'ioti^ varies witli 
the maximum tenipi^rainre reuehed and the striietiiral eharaeter- 
i>tie> of ih*^ oriainul ferrite-earbide matrix. The* higher the tern- 
|>erat!ire to whif'h the >tt*el h ht*aled in the i field, the shorter will 
'be ihe time minired for earixja diffusion to erase nonuniformities 
in eartwjn dL<irihiiiion. For f^xamph^ a normalized eutectokl 
nirlK>n steel reffuires about 5 see. at 780^C. or 1(X) see. at 730®C. 
to iraa^orm about 99.5 per cent to austenite. However, it 
rei|iiires about 2TO •-ee. at the 7StffC. to dLss<jive all carbides, and 
in the vicinity of 10 JMM) see. nearly 3 hr.) to attain a eompletely 
Iiomogcrieoiis austenite. At SH'PC.. }Hjmogen(*ous austenite is 
ohtaineil in about 17 minb'.- A finely spheroidizcHl ; 

carbide structure austenitizes most rapidly, next a fine pearlitic* i 
structure, then, most slowly, a coarse pt*arliti<* or spheroidized * ' 
structure. 

If tile !)rim' structure c‘f»asist> of large masses of ferrite or con- 
tains coarse crystallites of cementite, the austenitizing time is 
notic*eably longer at any specific temp^u-ature. If the carbide 
phase is not sim|)ly Fe^C but contains chromium, molylxienum, 
vanadium, or tungsten carbides which are relatively stable and 
slow to dh^lve, then homogeneous austenite is rarely attained by 
the ordinarv" time> and temperatures utilized in indiistriai prae- 
tise. A higher temperature that would eompkuely dissolve the 
alloy carbides and homogenize the austenite is und^irabie for 
reasons of possible and undesirable austenitic grain growth or 
(|ueneliing stress«^ (page 150) or, relat^ily, danger of distortion or 
cracking upon quenching. However/the siibseepient discussion 
of heat treatment is predicated upon starting with homogeneous 
austenite except when the eontrarx' is explicitly stated. Further- 
more. the discussion applies only to eartxm stc^eLs except when 
othemise specified. 

ISOTHERMAL TRANSFORMATION OF AUSTENITE 

In the iroR-earbon diagram of Fig. 10 (page 110), the equilibrium 
line indicating the tem|>erature at which austenite eutectoidally 

^ Mehl, Trmm, A.S.M., 29, 813. mi. 
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transforms to the ferrite-carbide aggregate known as pearlite fe 
called the .li line. The diagram also shows a lower position of 
this same line labeled the where austenite transforms I# 
pearlite upon cooling at a rate faster than that required to main- 
tain equilibrium conditions. The Ai temperature has a fix«I 
cH:iiiiiibriiim value, but the Ar^ temperature (and also the Ar,), 
resulting from undercooling, varies vith the speed of cooling. 

A similar displacement of lines in phase diagrams has been men- 
tioned, qualitatively, in every other system discussed so far. The 
effect in iron-carbon alloys, however, is of such direct importance 
in practical heat treating that a more quantitative treatment is 
desirable. Such a treatment is experimentally possible by 
c|iienehing small sections, from a temperature in the homogeneous 
austenitic range, into a bath at a temperature below the Ai line 
and noting the time required for transformation to start and the 
time for completion. When this procedure, isothenml 

#f mmtanMemperature transformation, is carried out at a number 
of temperatures from the Ai line to room temperature, a tempera- 
ture-time graph, such as that showm in Fig. 11, is obtained. 

At the top of this graph, the horizontal line directly below the 
designation amtenite represents the Az temperature of s 

hyp€^ute(*toid steel or the Acm temperature of a hypereutectoid 
steel. The ac*tual value of this temperature, in either case, would, 
of eoui’se. be a function of the carbon content of the steel. The 
next horizontal line represent.s the A\ temperature of 723X; i 
Under ^uilibrium conditions, this temperature range (A 3 or A^ 
to A i) would call for austenite and ferrite in steels with less than 
0.8 i^r cent carbon, or austenite and carbide for steels with more 
than the eutectoid carbon content. The dashed line traversing 
this intermedmte field, in a right, upward direction, shows the 
time required for ferrite or carbide to start separating from the 1 
austenite at any specific temperature between the As (or Acm) ! 
and A I faints. 

The mughiy parallel 5^shaped lines below the At define the 
time required for the 7 4 =^ a + FesC reaction to start (mark^ 
stabt) and completed (marked end) at any specific tempera- 
ture in the indicated range. The transformation is slow to start 
and complete! at temperature just under the critical, but the 
iieky in starting and the time required for completion decrease as 
tie tem^mtuie drops to about 550*^0. (about 1000°F.). In thw?" 
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rtiiige, the greater the degree of undercooling, the more uiLstaWe 
austenite becomes, or in other words, the greater is the urge to 
transform. Down to about 550*^0., this effect is dominant over 
the associated difficulty in transformation resulting from the 
formation of two phases of far different carbon contents, a (0.04 
per cent C) an... FeaC ^6.7 per cent C), from a homogeneous solu- 
tum. The traa^formation ia this range results in a pearlitie 
aggregate of the two phases, and their formation involves diffu- 
sion of carlMin. If the degree of iiastability is low and the rate of 
reaction slow, plenty of time is available for diffusion. The ferrite 
and carbide then form eoame, lamellar pearlite with an associate 
low hardness. As the temperature of austenitic transformation 
dc<*rease^ f toward 550®C.), the rate increases, the time availaWt 
for carlKjn diffusion is less, and, consequently, the pearlite 
lamellae become increasingly finer, or closer together, with a 
related increase in hardness. 

The mechanics of the transformation in this range is partidlj 
known. Carbide formation initiates the process, and presum- 
ably, as carbide forais, the adjacent austenite becomes depleted 
in carton, thus less stable (e,g., note the course of the As line with 
carton concentration) and ultimately an adjacent layer of ferrite 
forms. .As the a? phase forms with little (0.04 per cent) carton in 
solution, that element diffuses to the adjacent austenite which 
eventually bec*omes supematurated, carbide again forms, and so 
forth. The foniiation of coarse pearlite at high temperatures 
seems to conform to this description in that the structure appar- 
ently develops by alteimate deposition of ferrite and carbide, but 
finer pearlite seem to show^ simultaneous growi^h of both phases 
at their open ends in contact with austenite (Plate X, Figs. 4 
and 5). Cry^stailographic relationships seem to be w^ell defined 
for the c*oan?e pearlite in which the carbide-femte lamellae 
quite straight. As the lamellae become finer, they are subject to 
greater ciistortion and bending with a loss in ob\ious crystrf- 
Ic^rapMe relationshi|xs. 

If the st^I is of h^qx)- or h 3 rpereutectoid carton content, then 
M’ore austenite transforms to pearlite, it must reject exc^ 
ferrite or carbide at its grain boundaries until the carbon content 
the imiting pearlite concentration for the temperature 
ifivolvetl This pr^^ will occur betw^een the Az (or Aem) and 
the At tempemtiir^, leading residual stable austenite. At tern- 
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ihaii tia* Ai. the tiiiii* iieriiiiileil fur 
rf^jertion of exi'e>> fiTrile or eartakle tin* aiiifiiiiit forriieci 

before ! fie iM^aflite reaction 5*tart> and, eijibieqnently, 

I he rariiiJii ronterit i,>f pearlite is not fixed but is a fuiic*tioii of the 
tt‘m|M^ratiire of trarisfiirmation and earlxjn eoncentration in thi^ 
austenite. 

The fMi*arIite traa-ffirmation is initiat^^ci at aiistenitie grain 
iMMindaric^. If hr|Ke or hypercnitf^etoid steads are very slowly 
rcKikxI so that thf^ reaction occurs just below the A,, temperature, 
fiearlite usually grows into only one austenite grain since excess 
carbide or feriite is pr^ent at the lK>iindar>u In eutectoid steels, 
with no exeem phase at the austenite iMumthiries, the pearlite 
nodules tend to grow across the lxjundane< and tecome larger 
than the former 7 grains. Upon more rapid crxding with the 
eutectoid reaction oc*eiirring near the .4r point or in the 550®C. 
range, pc^arliie grows from an austenitic iKjundary, in a roughly 
spherical form, into ail adjacent austenite grains, since in many 
hypo- or hypereutectoid steels ( 0.6 to 1.2 per cent C) there Is no 
excess phase at the 7 grain boundaries to prevent this growth. 
The large niimbtu* of nuclei, howet'er, now cause the pearlite 
nodiiies to Ix" much smaller than the original austenite grains. In 
a polished section, the pearlite has a nodular form, and excep- 
tional mierographic technique Is required to r^Ive the individual 
ferrite-carbide lamellae. This structure was, until recently, 
called primarx’ troostite, but the teiin should no longer be applied 
to this structure which differs only in fineness or degree, not in 
kind, from the higher temperature, coarser pearlita?. 

At temperature? betwe^en about ooO and 2CK)°C. fKMX) to 
3^®F.), more time is required for the transformation of austenite 
to start, and the suteequent rate of transformation decTeases. In 
this range of temperature, w^hile the degree of ‘‘uristabiiitx’^' of 
the austenite continue to increase, the retardation force, arising 
from ven^ slow diffusion of carlx>n and the greater rigiditx" of the 
austenite lattice, become increasingly important and over- 
balance the increased urge to transform. Structures in this 
range var\' from a feathery ^^regate of ferrite and ver\^ fine 
carbide at around 4^^C. to group? of dark-etching, lens-shaped 
(but more an^Iar) needles with no \risible carbide at around 
^X)°C. A1 of th^e structure are called ‘^bainite.'’ They are 
l^ieidly different from {^rlite^; e.f., the ferrite in pearlite has 
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line erystallographir relationship to austenite, while in bainiteii 
tia^ quite a different relationship, actuall}- one similar to that 
shomm by hypoeutectoid ferrite separating from austenite. The 
difference presumably indicates that, whereas pearlite formatba 
is initiated by carbide separation, bainite is initiated by ferrite 
separation.- 

Below 2(K)'^C., the rate of isothermal transformation of austen- 
ite apparently again increases. The experimental evidence m 
this point Ls c*ontro\'ersiai; some suggests that below the 200°C. 



Fii.. 12. — Two mm cells of the face-centered cubic lattice (7 Fe) with specific 
atonis tiiarked with black centers to indicate the structure might also be coa- 
sidered as l:>ody-eentered tetragonal. 

temperature, austenite is stable as long as the temperature is 
uniform but transforms as soon as the temperature falls. Other 
work .<eems to indicate the contrary’-, that the rate of transforma- 
tion does increase while the time required to start, decreases. 
Since there is no theoretical reason for the rate to increase, yet it 
effectively .'^eems to, the S curve showing the start and end of the 
transformation in this temperature inteiwml has been drawm as a 
da<hed line. 

The structures formed below’^ about 200®C. are also lens-shap^ 
needles, similar in shape and appearance to the bainites formed at 
slighth’- higher temperature, but have slower etching characterb- 
tics and, therefore, are usually lighter in color. The structure, as 
freMy formed, is called white martensite. Whereas carbide is 
rmdiy visible in pearlite and detectable by X-rays in bainite, no 
carbide have been found in freshly formed martensite by any 
experimental means now available. The lens-shaped, angular 
Bt^ie structure of martensite is frequently called aedcular (from 
tile I^tia word meaning n^lle-shaped) . The structure shows an 

‘ Burm and Mehl, AJ.M.E. Tech. Pub. 1459, 1942. 
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lipparpiitly «/le44r-cut iTVsialiographie relatio!i>:!ii|i lo a speeitie 
lit pkiii-^ of the austenite isee Plate X, Fig. 13 J which, however, 
is not a simple plane sueh as the octahedral 'plane of slip anil 
twinning 1.^ 

Freshly formeii martensite has been found lo have a l>f>rly- 
centered! stnicture which l< not cubic but terragonaL A simple 
Amt unfortiinaiely. inaceiirate) explanation of thL< stmctiirf^ 
appears in Fig. 12. If the atonic In the center of the top and 
I Hit tom faccs^ of two unit cells of the factM'cntertHi cubic austenite 
lattice are linked with the five atoms on the plane joining the two 
ceils, these nine atoms are found to coastitute a Ijody-centerwl 
tetragonal stmcuire. If, as in this ease, the height of the tetragon 
hap|.Mm< to le 2 \-'2 time> the c^ige of its base, the stnicture is 
disignated l.w its more symmetrica! form, face-cam tereil cubic. 
Thus, to change from a face*- to a lH>dy-c*enterisi ciihf* a) the 
lattice n€*ed only contract in one dimeiidon anii expand in the 
other two. At one time it wa> believeil that, when marteiL<ite 
formed at a lotver temperature, this process of eomprt\smon halteii 
l>efore reaching completion. This explanation of the mechanism 
of martensite formation, first proposed by Bain, while simple and 
logical, is not in accord with the known crystallographic* data and 
thus the actual pr<x*€ss must be more complicated. The traasfor- 
mation mechanism best accounting for the observed dn^stallo- 
graphic relati*jns!iip betw^een martensite and the parent austenite 
is that proposed by Kurdjumow and Sachs, which involves a 
shearing movement of atoms on specific planes of the austenite in 
a manner analogous to the shearing mo\'ements accompanying 
mechanical twinning. 

The reason for martensite etching white, while low-temperature 
bainite etch^ dark, probably is related to the distribution of 
carbon. During the formation of martensite, there is neither 
time nor sufficient atomic mobility for carbide to form (to a 
detectable size); the transformation occurs with no measurable 
diffusion and pr^umabiy the carbon atoms are trapped to form a 
very supersaturated solution in the fcKKiy-<*entered lattice or it 
ma\’ form a highly disperse, perhaps colloidal, precipitate of 
carbide. Bainite, forming more slowdy and at a higher tempera- 
ture, permits the carbide to prmpitate in a dispei^e form which 
causes the structure to etch rapidlj- and have a black appearance, 

^ GaEXiNOEBand Tboiaxo. Tmm. A.LM.E. 140, ^7. 1§40. 
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The lines on the diagram (Fig. U, page 141) marked 1, 2, 3,4 
and 5 represent cooling curves superimposed on the isothermal 
transformation graph. The curves are started at the Ai line 
since, at least for an euteetoid steel, the rate of cooling from the 
austenitizing temperature to the Ai line is of no significance, 
'Fhe austenite is stable and of uniform composition above this 
critical temperature. Line 1 represents a typical cooling rate 
obtained by permitting the steel to cool in the furnace, assuming 
the heat supply is turned off and the furnace is left closed. This 
annealing treatment permits soft, moderately coarse pearlite to be 
forme<l at the Ar, temperature (about 690®C.) wnth an almost 
€»quilibriiim amount of excess ferrite or carbide, depending on the 
c»arlK>n content. During the transformation to moderately 
coarse pearlite, the release of the heat of the euteetoid reaction 
I recalf scenee) prevents the temperature from dropping continu- 
ously as is indicated by Line 1, and it may rise somewhat. 
Generally the temperature at the approximate end of the reaction 
will at least l>e nearly the same as at the start; in this case, the 
reaction would probably be completed at about 690°C. (1275°F.}. 
Once the reaction is complete, the cooling rate is of little impor- 
tance since the phases present in the structure are stable. The 
only effect of quenching after about 300 sec. at 690°C., for 
example, would he to develop some stresses of the same type m 
w’ere discussed for aluminum alloys (page 91). Long holding at 
690®C., on the other hand, would only result in an eventual 
spheroidization of the lamellar carbides with some related soften- 
ing of the sinicture. 

Line 2 represents a t\"pical cooling rate obtained by air-cooling a 
fairly hea\w section. This might be a normalizing treatment, 
giving moderately spaced pearlitic lamellae of an intermediate 
hardn^, and a smaller amount of the excess phase. Again, the 
cooling rate ^ter the pearlite forms (in about 100 seconds at 
670X\) is of little consequence. Line 3 represents a typical 
fwling rate obtained by air-cooling a thin section (or oil-quench- 
ing a heavy section) resulting in a fine pearlitic structure with a 
fairly gocNl hardness. This completely black etching structure 
was formerly called primary sorbite since no lamellar characteiis- 
ties can be oteer\’^ed by ordinary examination of the structure. 
This is the lowest temi>erature of transformation to a completely 
I^arlltic structure and the temperature at which it occurs is called 
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the .17. Very little time i.< available the reparation e\c*e.^s 
ferrite or eeiiieiitite so the earbon content of this very tine pearlite 
i> variable: it may be from about 0.6 to 1.2 per vent, depending on 
the earlMin eonlent of the steed. Lim 4 re|)re>e!its the <*(ioling 
liirve obtaincHi by uil-quenehing a irifNlerately sized seelion of a 
water-hardening rarlnm stec-L It will lx* notes! that at aronmi 
550^(7, it rea<‘hes a pidm alxait midway Ix^tweim tlie “start ” and 
“end” of the transformation to fine p«*arlite, which nieaiLs that 
alxjiit |>er cent of the austenite thus tram^forms. The residual 
austenite remains unchanged until the ccxding curve intei>^e(‘ts 
the S cmiwe at around 150“C. at which time the 7 phase tram^-- 
forms to martetisite. Although the cooling curve traverses the 
completely austenitic field between 40€ and loOXb, ferrite and 
carbide formfsi Ixdow the Ai line are stable and can not retraiis- 
form to austenite. This graph is mt a phase diagram. The stc^cd 
now eoasLsts of nodular, fine p(*arlite (formerly «*alkxl primary" 
troostite) outlining the former austenitic grains with white 
martensite representing the remainder of the structure. The 
abrogate has a hardness intermediate betweem that of fine 
pearlite and that of mart€*nsite. This condition indicates an 
unsuccessful quench, if a completely hardened, martensitic struc- 
ture was desired. Since part of the austenite transforms at a high 
temperature (.4/) and part at a low temperature I the result- 
ing structure is said to have originatcxl from a split transformation. 

Line 5 represents the probable cooling curve obtaincxl by 
water-quenching a small-sized section. The structure is com- 
pletely martensitic except for the possible presence of some 
untransformed austenite. The maximum amount of residual 
austenite found in quenched carbon steels increases with carlK>n 
content, from approximately zero at 0.55 per cent carbon 
to perhaps 15 or ^ per cent in a 1.30 per cent carbon steel. 
Throughout this range of carixm content, the marteadtic hard- 
ne^ is about the same, C65-67, although when the amount of 
residual austenite approach^ 15 to ^ per cent, the hardness may 
1^ veiy' slightly lower, e.g., C63-64. 

It should now be clear that successful hardening requires cool- 
ing, particularly from 7^®C. to in a time less than that 

required for fine pearlite to form at the of the S curve. 

Since heat is al^traeted directly by the iwling medium only 
from the surface of the steel, the cooling rate at various depths 
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below the surface, in conjunction with the time position of the 
nose of the S curve, will also determine the depth of the com- 
pletely martensitic structure. The depth of hardening under 
controlled experimental conditioas is called the hardenability; the 
word does not refer to the degree of hardness but the depth of useful 
hardness. The entire control of hardenability is based on control 
of the time required for initiation of the transformation to fine 
pearlite at the *4/ temperature of about 550°C. (1000®P.). 
Factors affecting this time are: 

1. Austenitic grain size. Since the fine pearlite starts to form 
at austenitic grain boundaries, fine-grained austenite transforms 
more quickly at around 550°C- Steels with fine-grained austen- 
ite then tend to be shallow^ hardening while those with coarse- 
grained austenite harden to a greater depth. 

2. Austenitic homogeneity. Since the pearlite reaction is 
nucleated by carbide formation, residual carbides or localized 
areas of austenite rich in carbon cause the pearlite reaction to 
start sooner and thus contribute to shallow’ hardening. For 
example, it has been found ^ that the rate of nucleation at 680®C. 
may var>’ by a factor of 1,000 betw’een 5 and 90 min. of austenitiz- 
ir^ (at 900°C.), resulting in a change of reaction time from 
I to 7 min. How’ever, at the significant Ar point, this factor 
is less important. 

3. Austenitic composition. Alloying elements w’hich, in addi- 
tion to carbon, must diffuse during pearlite formation, necessarily 
slow’ up the rate of its formation and increase the time required 
for diffusion to establi.sh the conditions permitting the reaction to 
start . The chief distinction betw’een water-, oil-, and air-harden- 
ing st^ls is in the position of the nose of the S curve. In the 
graph shown here (for carbon steels) only w’ater-cooling, line 5, 
rompletely avoids the high-temperature transformation at the 
,1/ r^on. If some manganese, nickel, or chromium is added, 
the S curve may be displaced to the right sufficiently for line 4 to 
exceed the critical cooling rate. Finally, appreciable amounts of 
thc^e elements or combinations of them wdth perhaps others, such 
m niolybdeniim, might so slow up the rate at around 550°C. that 
even air-cooling, such as shown by line Z, would permit the steel 
to fom martenate. Isothermal transformation curves of th^ 
alloy^ steels may considerably more complicated- than the 

^ Mmmu im, cH, 

^ Trermjs A 0*1*7 t aoa 
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<j!ie shown for earton some of the baimk stnictiire ean 

form upon diref‘t cooling of some alloy steelsn hut their signifi- 
caiiee is -imilar. 

YOLOME CHANGES AND RELATED STRESSES ACCOMPANYIHG 
TRANSFORMATIONS 

The traii^forniation of austt^nite into pearlite f>r marteii-ite is 
accompanied in' an expansicjii *)f the stw4 aial the* release of 
thermal mer^\ The critical tem|>eratiirt*s lA, and A, values j 
may \>e detemiined by measimng dimensional ehang(*s with 
temf^ratiire (by use of a (lilatometer) or by c'CMiling or heating 
enrvi^ Ithemial analysis). A simple demoa<t ration ut both 
dimensional and thermal changc*s may l>e made by stringing a 
piano wire, which is always made of approximately euteetoid 
steel, between two supports with electrical contacts.^ (A 12-ft. 
length of 0.t)34-in. wire can lx* used directly ai-n^ an ordinary 
110- volt alternating-current power supply.] A current is passed 
through the wire to raise it.s temperature above the and then 
the current is shut off to permit the wire to c(k) 1 in air. It sags 
during heating, but, since the rate of heating is scidom uniform 
along its length, the transformation to austenite at the *4^., 
tem|>eratiire is not readily detef*ted. .As it cools, however, the 
sagging wire rises stea^iily the austenite contracts with drop in 
temperature. Because of rapid coeding of the thin section in air, 
the steel does not transform until it reaches a dark-red color, 
corresponding to a temperature of about 550 to 600®C. .-As it 
then transfonms to fine pearlite, the wire lKx*om€s^ visibly hotter, 
an effect commonly called recalesctnce. The expansion, resulting 
both from the transformation and the rise in temperature, causes 
the wire to sag suddenly. Then, as the transformed structure 
continues to cool, the suspended wire resumes its slow contrac- 
tion and steady rise to its original p(^tion. 

Upon slow cooling, as in a furnace, there not any great tem- 
perature difference or gradient between the outside and center of 
even fairh" heavy sections; all of the transformation occurs at a 
high temperature (the Ar,), and the expansion accompanying the 
transformation is accommodated by defoimatlon of the pl^tie 
metal. Under these eirciimstanees, there cannot be* any appreci- 
able residual st,rass<,^. When a heavy se<‘*tion, such jis a steel roll 

^ United State St^l Corporation, Re^«.reh Liilioratory, 
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easting 1 ft. thick, is cooled in air or a liquid medium, the oul^ 
may reach the transformation temperature and expand while the 
center is much hotter and still completely austenitic. To 
accommodate the surface expansion, the metal in the centra 
region is pulled toward the surface and the ends may be forced m 
and become slightly concave. Well after the surface section h^ 
transformed and resumed its normal contraction, the central 
section reaches its transformation temperature and starts expand- 
ing. In order to conform to an expansion of the interior, the 
surface layens must expand. Since they are contracting at thfe 
time, the enforced expansion takes place by plastic flow, but at a 
much lower temperature and in metal having less plasticity thM 
was the case upon furnaeC'Cooling. If the roll has been quenched, 
this stage of the cooling cycle may find the surface in a brittle 
martensitic condition, not able to deform plastically, and surface 
sections may spall off, sometimes with explosive violence. 
A.'^uming that the surface plastically conforms to the expanding 
core, the final stages of cooling find the center, which transformed 
at a higher temperature and consequently is hotter, contracting 
more than the surface and now tending to pull it inward. This 
tensile pull of the center is balanced by the conapressive elastic 
strength of the surface so that, when the metal is uniformly at 
room temperature, there is a residual tensile stress in the center 
and a residual compressive stress at the surface. 

The presence of residual stresses is not confined to steel sectioim 
i ft. in thickness; it may be found in all metals (see page 91 for 
aluminum alloys) and in sizes less than 1 in. thick, if cooling from 
a high temperature was suflficiently rapid to produce a marked 
temperature differential between the surface and center sections. 
A h%h quenehii^ temperature usually results in greater tempera- 
ture gradients and thus introduces greater stresses with a relate 
imTe«k^ in the danger of cracking or distortion. The str^^ 
described above act in a circumferential direction on cylindrical 
sp^imens, but are also accompanied by longitudinal 

(lenglhwi^ on the surface) and radial (from surface to center) 
The str^^ r^ult in a displacement of the normal 
atomic spacing. If the crystal lattice is more or less uniform, 
they may te delated by X-ray measurements. They may also 
te detected meehameally by machining off surface layers (or 
splitting tute?, etc.) since, when part of the metal in a balanced 
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^^kiSiie :^ysit^m is remuvetl. the remaining unbalanced 

stresses cause >yme deformation or distort bn.*' This is fre- 
qiientiy u ijnjblem of consifbrable magniiiide in maehine shop 
work. 

Rc*sidiial stresses may !m‘ relievnl thermally l>y berating to a 
temi.)er:i" are siiffi(*ient ly high to |X‘rmit plastic deformation. Tlie,^ 
(dastie limit of metab decreases rapidly at elevatwl temperatures? 
and, since stressts^ are elastically baiancwl. they are <liniinishecl In’ 
internal How. They are also reduced hr an external or gross 
deformation; stretching the rod caus^ more flow in sectiom? 
previously under tensile st raises and may eventually reverse tlie 
str^ in setdions under originally eomprcWive forces, rcfsulting in 
an equalization effect u|X)n release of the external force. 

Martensite, forming in relatively cold austenite, may be subject 
to stre^ss of a much greater magnitude (since the elastic limit is 
higher) but on a mrich smalh^r scale. The first plates of martens- 
ite forming in plastic austenite may expand without trouble. 
When the^adjactmt aiistemite later transforms to marteadte, the 
accompanying expansion is opposed by contact with the previ- 
ously formed martensite. Thus the first martensitic necxlles arf* 
under a high, localized, elastic tensile stress with their mnver 
neighbors balanced in compression. IMinute cracks have been 
detected in the martendtic structure after etching and examining 
at a high magnification. The cracks may Im' a stress-corrosion 
(etching) effect, but they do suggest one cause for the brittleness 
of martensite. 


TEMPERING OF MARTENSITE 

Freshly formed martensite has been described as a lx>dy- 
centered tetragonal structure, under high microst reuses, and 
greatly supersaturated with carbon or eontmning vei^” disperse 
carbides. Reheating of martensite would expect^ to permit 
a reveniiion to the stable body-c*entered cubic lattice, internal 
readjustments to relieve stresses, and, on the basis of the previous 
discut^ion of age-hardening, piecipitation of carbide particle? 
followed by growth or agglomemtion of these carbides, as per- 
mitted by temperature and time. Upon tempering or drawing at 
successively higher tenipc*ratures for a constant time of 1 hr., the 

^ Sachs and Vak Himx, ** Practical Metallurgy/' A.S.M., 1940. 
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whole process can be dmded up into stages on a rather arbitraiy 
basis which j nevertheless, has a practical significance. 

150 to 230°C. (300 to 450°F.); the tetragonal lattice becoina 
c'ubic, residual austenite transforms (probably on cooling from the 
draw), carbide precipitation causes the martensite to etch more 
rapidly and to a blacker structure called tempered or hlmk 
martensite. Hardness may increase slightly in the lower end erf 
the range, but, despite the transformation of residual austenite, 
growth of carbides in the upper temperature range decreases hard- 
n^s slightly, from Cfi5 to C60-63. Carbides remain too small, 
however, to be resolved by the microscope. 

2^ to ^OO^'C. (450 to TSC^F.); growdh of carbides in a globule 
form continues, although they still may be unresolvable by the 
microscope. Their general distribution causes the entire struc- 
ture to etch rapidly and to a black mass which is called tromtik. 
Hardn^s continues to decrease, from about C62 to about C50. 

400 to eSOX. (7^ to 1200‘'F.); growdh of carbides continues to 
the point where they can be resolved at high magnifications 
although the stnieture appears dark and indistinct at magnifica- 
lions up to about 500 diameters. The structure is called sorUk 
and includes hardnesses in the range C45 to C20. 

650 to 723®C. (1200 to 1335®F.); continued grovdh of carbides 
brings them to a size that may be resolved at X500 althoii^ 
their form may be better seen at X 1,000. They appear as 
globular particle in a continuous ferrite matrix which now 
becomes \isibie as a separate phase for the first time althou^ 
grain growth of the ferrite has undoubtedly accompanied carbide 
growth in earlier stages. The structure is called spheroidik, 
and it is naturally soft, from to C5, tough, and “gummy” to 
machine. (Spheroidal carbide structures may also be obtained 
by heating pearlitic structures in the same temperature range, 
since carbide tend to ai^ume the shape having least surface ar^ 
or lowr^t ene^^ A long time is required to spheroidize pearlite, 
and the minimum size of the ultimate spheroids Is limited by the 
mm of the iameliae from which they develop.) 

SIFMMARIZING OF THEORY 

FearMte is the lamellar aggr^ate of ferrite and carbide 
oMf fmm m$kmite u|K>n slow to moderately fast cooling rat^, 
the A I aiKi AJ temperature. The faster the coolii^ 
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thf^ more rapiflly is the pearlitie stniemre deyf^opeti with a 
relafod iiitTease in fineness of the Inmelliu^ and hardness of the 
aggroEate. Tlie more rapidly pi^arlite Uinrml, the less time is 
avaiiafili* for the separation ui or oarhide, with the 

rt^iilt that peariile i> of a fixHj earlHiii I'oiiten! only when forousi 
under vtay slow ewling eondifioa'^. Further inerease in the 
rooling rate of austenite eau^es at least >ome nf it to remain 
iin<*hangwi imtii a('i<‘iilar white maneiL*-ite forms at the A/' 
leoiperatiire, and, after attaining or exec^^dirig a eritieal rate, only 
martensite Ls formed. Reheating of martensite causes precipita- 
tion and growth of granular carbide^ in a ferrite matrix with a 
continuous change in hardness. The terms, tempert^i martens- 
ite, tnK>stite, sorbite, and spheroidite, apply to certain ranges of 
stnictural aggregates of ferrite and granular carbides, arbitrarily 
selected on the !>asis of hardness, etching behavior and micro- 
graphic appearance. 

MICROSTRtJCTURES (PLATE X) 

Plate X, Fig. 1. Austenitic, 18 per cent Cr-8 per cent Xi, 
steel; X200; 1:2:3 proportions of HXOsiHChglyeerin etch. A 
iiighly alloyed grade of steel is required to demonstrate the stme- 
ture of austenite since that phase cannot be successfully prc^rced 
at room temperature in a carbon steel even by drastic quenching. 
This structure of wrought stainless steel, quenched from 1^KK)®F. 
|1050®C.), is directly comparable to that of any face-c*entered 
cubic metal after deformation and annealing; it shows polygonal 
grains containing a few annealing twin bands. (Some undis- 
solved carbides are present as a result of the short holding time 
of 10 min. at 1900®F.) 

Plate X, Fig. 2. Same 18-8 steely reheated W hr, at 1250®F. 
(680®C.) ; X 1,000; same etch. This steel is of a commercial grade 
known as Type 302, containing 0.12 per cent carbon. Carbon is 
soluble up to 0.^ per cent at IQoO'^F. but only to about 0.(B per 
cent at 12^®F. Reheating in the range lloO to IRKl^F. (6^ to 
760°C.) permits carbides to precipitate at the austenitic grain 
boundaries (see next s^tion on properties). The arrowhe^- 
shaped plat^ of a different color repr^ent ferrite which separated 
from the austenite (at 12^®F., equilibrium for 7, a, and 
carbide phas^ to be present). 
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Plate X, Fig. 3. Razorblade steel with 1.2 per cent austen- 
itized at iOOOT. (1830^F.), held 50 sec. at 710°C. (ISIO'^F.) and 
quenched in water: X 1,000; Picraletch (page 116) ; hardness C65. 
This spe<*imen has been held long enough to cross the dotted line 
of the isothermal transformation graph (Fig. 11, page 141) but 
not to reach the line indicating the start of pearlite formation. 
Carbides outline the former austenitic grains which transformed 
* to white martensite in the water quench. Note the compara- 
tively large size of the austenitic grains. 

Plate X, Fig. 4. Same 1.2 per cent C steel, austenitized at 
lOCK)®, held 100 sec. at 710®C., and then quenched; XIOOO; Picrai 
etch; hardness C40. The transformation of austenite to moder- 
ately coame pearlite is about one-third completed. Note in the 
upper left corner of this stmeture that pearlite is growing into an 
austenitic grain in two directions, at the sides and at the ends of 
the lamellae. Pro-eutectoid (excess) carbide is -visible at the 
austenitic boundaries. 

Plate X, Fig. 5. Same 1.2 per cent C steel, austenitized at 
held 20 sec‘. at 680^^0. (1250^F.), and then quenched; 
XljCXK); Picrai etch; hardness C46. The reaction at this lower 
tempemture, yielding a finer pearlite, is about one-third complete 
in a much shorter time. The front of the pearlite '' nodules” 
shows that growih is chiefly at the ends of the pearlite lamellae at 
this temperature. Growih is mainly from the former austenite 
boundaries into one adjacent grain. At this temperature, only a 
trace of pro-eutectoid carbide has been able to form at the grain 
boundaries of the 7 phase. 

Plate, X, Fig. 6. Same 1.2 per cent C steel, austenitized at 
ICMX)®, held 5 sec. at 650°C. (1200°F.), and then quenched; 
Xl.CMK); Picrai etch; hardness C55. The transformation, here 
about 15 per cent complete, has started much sooner at this 
temperature near the nc^e of the >3 curve, and the pearlitic struc- 
ture is much finer, so fine that it is not resolved in this slightly 
overetched structure. The martensitic needles, in areas which 
were austenite before quenching, are more evident here because 
of the overetching. Note the nodular appearance of the fine 
l^rlite areas I which formerly were called primary^ troostite) and 
their ehameterietie mdiation into two austenitic grains from the 
toundaiy. TMs structure is typical of a steel quenched at some- 
what than the critical cooling rate. The short time at fiOO'^C. 
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has not permitted excess carbide to form at the austenitic gr^ 
boundaries, but the austenite grain size is" revealed by the fine 
pearlite nodules at the lx)undaries. 

Plate X, Fig. 7. Same 1.2 per cent C steel, austenitized at 
8oO®C. (1540®F.), held 5 see. at 710°C. (1310°F.), and quenched; 
Xl,<XK): Pieral etch; hardness C65. In this and the followii^ 
stnietiires, the same steel was austenitized below the Acm line, in a 
(‘ommercial hardening temperature range at which the spheroid- 
izc^i carbides are not completely dissolved. Cementite has 
started to form at the austenitic gi-ain boundari^ much sooner 
than in the comparable specimen (Plate X, Fig. 3) vrhich 
aiistemtized at a much higher temperature. Note the fine 
austenitic grain size in the present specimen, austenitized at a 
lower temperature. 

Plate X, Fig. 8. Same 1.2 per cent C steel, austenitized at 
850®C., held 10 sec. at 710®C., and quenched; X 1,000; Pieral 
etch: hardness C65. After a somewhat longer holding time, 
cementite at the grain lx)imdaries and residual particles have 
thickened, but the pearlitic reaction has not yet started. 

Plate X. Fig. 9. Same 1.2 per cent C steel, austenitized at 
850®C., held 30 sec. at 710®C., and quenched X 1,000; Pieral etch; 
hardness C4L By now, the pearlite reaction has reached a stage 
of about 40 per cent completion. Note that coarse pearlite has 
from the gi'ain boundary” into just one austenitic grain. 
Comparison of this structure with that of Plate X, Fig. 4 shovis 
that while the fine-grained austenite transforms more quickly”, the 
remiting pearlite spacing is similar. 

Plate X, Fig. 10. Same 1.2 per cent C steel austenitized at 
held 100 sec. at 710°C. and quenched; X 1,000; Picni 
etch; hardness C21. The transformation is complete but nc^ 
simply to pearlite. While some ^ains show this lamellar struc- 
ture. othei^ show merely coarse globular carbides. This is one 
form of a so-eaMed ^^abnormaP^ but very frequently encountered 
tvf^ of stmeture. In the abnormal structure, carbide continue 
to form on carbides already pr^ent, Avhich here were globular, m 
that the trar^ormed structure contains large globular carbide 
and ferrite. Sometime the excess grain boundary carbides 
t^ome very thick with a corr^pondingly thick ferrite envelope 
next to them and with perhaj^ a little pearlite in the center of the 
former austenite grains. 
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Plate X, Fig. 1 1. Same 1.2 per cent C .steel, austenitized at 
850°C., held 10 sec. at 680°C. (1250°F.), and quenched; X 1,000; 
Pieral etch: hardness C49. The austenite transformation k 
about 60 per cent complete and, although some exceas carbide 
formed first at the austenitic grain boundaries, considerably l^sk 
present than in the equivalent 710®C. specimen. The pearliteb 
distinctly liner and not as well resolved. 

Plate X, Fig. 12. Same 1.2 per cent C steel, austenitized at 
850X\, held 50 sec. at 680°C., and quenched; X 1,000; Pieral etch; 
hardness C30. The steel has completely transformed to rather 
fine pearlite vith some excess carbides. The pearlite is not 
resolved in some grains but is readily visible in others where the 
&ng\e of the lamellae to the surface is more favorable. 

Opiate X, Fig. 13. Forged steel of 0,70 per cent C (S.A.E. 
1070), quenched from 925°C. (1700°F.) in cold water and tem- 
pered JJin^atJij^C. (212®F.); X 1,000; etched 2 min. in 4 per 
cent Pieral; hardness C64. The structure after this very low 
tempering treatment is still essentially" a white martensit e. Only 
three directioas of the acicular or needle-like martensitic plates 
are apparent in this micrograph, indicating that this entire field 
was only part of one austenitic grain. The temperature from 
which this s{>eeimen was quenched w"as about 250°F. above that 
onlinarily employed in commercial practice. The high tempera- 
ture ^ults in a coarse structure, vrell adapted to show" the nature 
of martensite but too brittle for most servdee applications,, 
(cf., Plate XI, Fig. 5, p. 177). 

Plate, X, Fig. 14. Same as Fig. 13, reheated 1 hr. at 2Q0°C . 
(390°F.); X 1,000; etched 40 sec. in 4 per cent Hcral; hardn^ 
C60. The somewhat higher temperature draw- has caused the 
martensitic structure to etch more rapidly and darker. It is 
now’ eallrf t empered martensit e. The horizontal line at the right 
center s^^tion represents a small oxide inclusion (see page 125). 

Plate X, Fig. 15. Same as Fig. 13, reheated 1 hr. at 35Q° C. 
(630®F.); XhCXK); etched 25 sec. with 4 per cent Pieral; hardn^ 
CMI. General precipitation of fine carbides, below" a resolvable 
siie, mmmi the specimen to appear to be a black aggregate in 
w’Mch the mart^sitic plate directions are still evident. This 
structure is Bornmlly eaUed troostite, 

Hate X, Fig. 16. Same as Fig. 13, reheated 1 hr. at 600°C. 
t IIMI^F.) ; X 1,0TO; etched 25 sec. with 4 per cent Pieral; hardness ' 
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C30. Carbides have grown to a size just about resolved at 
magnification, and the ferrite matrix is now evident, Th/ 
stmetiire is termed sorbite. 

Plate X, Fig. 17. Same as Fig. 13, reheated 4 hr. at 720X\ 

1 1330°F.) ; X 1,000; etched 25 see. \rith 4 per cent Picral; hardne&s 
C8. The continued growth of carbides has made them clearly 
resolved so that this structure is much whiter and clearer than 
the preceding one. It would be called fine spheroidite. Note 
that alignment of the carbide particles still reveals the sites of 
the former marteasitic needles. 

Plate X, Fig. 18. A commercial steel (S.A.E. 52100) which 
gave machining difficulties; X 1,000; Altai etch. This structure, 
\rith its rather coarse carbide particles widely spaced in a ferrite 
matrix, could have originated only by an extremely long sub- 
critical spheroidizing anneal. 

PROPERTIES 

Commercial au.stenitic steel may be of the Hadfield type 
(1. to 1.5 per cent C and 10. to 14 per cent Mn) or of the chro- 
mium-nickel stainless type. Both are completely austenitic 
as quenched from around 1900 to 2000°F. (1050 to 1100®C.) 
and remain in that relatively soft, plastic condition while undis- 
turbed at room temperature. Cold-work tends to induce both 
to transform, to some extent, to the body-centered lattice. In 
the relatively high-carbon Hadfield steel, the cold-worked stnic- 
ture becomes hard and abrasion resistant. The steel cannot 
ordinarily be machined since localized deformation in the 
\icinity of the tool soon develops a localized hardened structure 
that resists further cutting. The 18-8 grade of stainless also 
pr^ent.^ machining difficulties, although with a low carboB 
content, the transformed, somew’hat magnetic, structure is not 
as hani as martensite. (Ferrite is strongly magnetic below 
7^®C., hut austenite is almost completely nonmagnetic.) This 
partial transformation of the austenite is probably responsible 
for the high work-hardening capacity of the chromium-nickel 
stainl^s. 

Both the Hmlfield and 18-8 stainless steels, commonly desig- 
nate as austenitic, actually contain austenite, ferrite, and an 
Mloy carbide as stable phas^ under equilibrium conditions at 
room tem^mtures. The metastable quenched austenitic state^ 
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however, will change only upon cold working or long-time treat- 
ments at relatively low’ temperatures * Plate XL Fig. 2). 

Carbide precipitation, a.< shown in Plate X. Fig. 2. may 
occur in the vicinity of welds or wherever temperature and lime 
permit. The carbide is not FcgC but is predomiiuiiitly a rhro- 
mitim carbide (containing up to 90 per cent chromium). Tli<^ 
chromium for the precipitate must come from the austenite in 
the vicinity of the zones of precipitation, the grain Ixuimlary 
areas, which are consequently depleted of much of their nominal 
IS per cent chromium. A corrosive solution in contact with tlie 
metal in this condition ma}’ act as an electrolyte, the depl«*ted 
!>oundary zones as anodes, and the ma<s of the crystals as 
{*at bodes. The result a marked intergranular electrolytic 
type of attack that may actually reduce the metal to a <Tystal- 
iine powder, or at lea^^t greatly diminish its stnmgth. A similar 
difficulty in Duralumin alif>ys w’as mentione<i on |)^ige 91. 
The problem has been solved for most commercial applicatioas 
by the addition of a more pow’erful carbide-forming element 
than chromium, for example titanium or columbium (Stainless 
Types 321 or 347), which forms stable carbides and thus leaves 
the matrix with a iinifonn chromium content. The trouble has 
also been minimized by maintaining the carbon content below 
the solubility limit in the precipitation range (below 0.08 per 
cent in Stainl^ T\q>e 304) or by reheating all welded sections 
to 1900®F. (1050^C., a temperature at which precipitated carbides 
redi^?olve in the austenite) and quenching. The la^^t method is 
ob\iously impractical for large welded assemblies. 

The presence of carbide enveioi>es in hypereutectoid earlK)n 
steels has already been mentioned as a source of brittlene«4. 
In the pearlitic structures, w^hile the ferrite Is continuous an<! 
occupies about 90 per cent of the structure, the 10 per cent 
carbide, disposed in thin lamellar platen, interrupts the con- 
tinuity of the ferrite much more than the same amount of carbide 
disposed in the spherical or globular dispemon characteristic 
of sorbite. Consequently, although fine pearhte and sorbite 
may have the same hardne^ and appear to have similar black, 
unr^oivabie structures upon examination at moderate magnifica- 
tionsy the lamellar structure develop^ directly from austenite 
always sho'ws less impact strength, particularly in the notch 
ter t^t wMch require good locad ph^tieity, than the globular 
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,-truetiire uf the same phases, developed by quenching aii4 " 
tempering. | 

Table XL— I'exsile Properties of the Products of Austexite I 
Tr a xsform atiox ^ I 


Reaction 

icmptTji- 

tnro 

Hartl- 

nes>, 

RC’ 

Yield 
strength 
0.2^ 
offset i, 
l.OCXIp.s.i. 

1 Tensile 
‘ strength, 
1,000 p.s.i. 

Per cent 
elonga- 
tion in : 
2 in. 

1 Red. 

1 area, 
per cent 

Pearlite 

spacing. 

A. 

im'-v. 

19 

50 

120 

13 

20 

6,300 

eBO 

30 

95 

155 

16 

35 

2,500 

rm 

40 

135 

190 

14 

40 

1,000 


38 

132 

185 

12 

30 

! 


36 

130 

ISO 

16 ' 

46 1 


450 

40 

150 

190 

18 ‘ 

54 


400 

44 

170 

210 

16 

52 


350 

4S 

190 

230 

13 

44 



Datu vari*thle in thiy fieiiiperature range. 

Some typical teasion test data, on specimens with a 0.25-in. 
diameter and a 1-in. gauge length (comparable to the usual 
0.^5-by-2-in. specimen), are presented in Table XI. These 
show a linear increase in strength properties with decrease in 
the reaction temperature (or decrease in the logarithm of the 
peariitic spacing), from the Ai to the A/ temperature. The^ 
is a discontinuity of property changes in the vicinity of the ii(m 
of the .S curve at around 550°C., but in the bainite region there 
again is a linear increase in strength with decrease in temperature. 
There appear to be two maxima in ductility, as shown by elonp- 
tioii or reduction in area valu^, one in the middle of the pearHte 
mnge and one in the middle of the bainite range. No data art 
included on martensitic specimens since it is almost impo^ibte 
to get uniform loading and representative test data for tMs 
brittk structure. Data on the mechanical properties of tempered 
martensites are given in the ''Xletals Handbook. 

Mom precise generalizations expressing the relation of structure 
to properties have been made (reference of Table XI) as follows: 

^ E^ta from Geimmer, Pearsall, Pellini, and Low, A.S.M. Preprint No. It, 
lt4L detained on a eatectoid plain carbon steel (0.80 C, 0.74 Mn, 0J4 
Si|; for rwjaie^nce during transformation. 
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: . Strength properties vary linearly with the an.-tenio^ reaiiimi 
temperature and the logarithm of the lamt41ar .-.paiaiiir of ihi- 
n-ultirig pearlite. and this spaeing is pro|M/r!ional io tin* diffu- 
>iviiy of earhon at the reartion Temperatiin*. 

2. Hie n^sistaiK'e to deformaticiii of a iiieiallie aggregate 
i-oadsting of a hard pha>e di>per>od in a >oiter out* i> proportional 
to the logarithm of tlie average length of >t!-aiglil patli throiigli 
the eontiniious phase. This rule hii> ]hh^ii loiiiui to apply 
to Ixitli pearlitie and spheroidized stnieriirc^s and extrapiilalioii 
leads to reasonable carbide particle sizes for tlie finest, unn*- 
soivable, spheroidal carbide (tempered martensite) structures. 

AUSTEMPERING 

This is the name of a special heat-treating process which 
consists essentially of isothermally transforming austenite at a 
temperature between the range of tine pearlite formation lA/ 
on the S curve) and martensite formation u4/').^ The structures 
developed in this range are called baimies (page 143) which, 
ill carbon steels, cannot develop in any specimen cookd con- 
tinuously from the -4i line to room temperature^ whatever the 
rate. The transformation graph {Fig. 11, page 141) shows the 
range of hardnes.s of bainite stmetures. At least in the lower 
part of the temperature range bainite has a hardness directly 
comparable to that of tempered martensite. Since this structure 
forms directly from austenite at an appreciably higher tempera- 
ture than martensite, the mierostresses developeil in bainite are^ 
of a much lower magnitude icf, microcracks in martensite, page 
151). Bainite structures with a hardness of C50 have shown 
phenomenally high plasticity for hardened steel; 0,18-in. sections 
have shown a reduction of area of 35 per cent in tensile tests or 
ateorbed 35 ft .-lb. of energy' in impact tests, whereas tempered 
martensite, at the .same hardness, shows less than 1 per cent 
reduction in area or only 3 ft.-lb. impact strength. However, it is 
only in this hardness range that the bainite stmetures show 
superior properties and then only in the case of carixm steels. In 
the range C40--45, the sorbitic stmeture is superior for the same 
reasons that it is superior to fine pearlite. In the hardness range 
ret|uired for cutting tools, C60-65, the bainite stmetures cannot 
l>e obtained. Other limitations of the process involve the size 

^ Leoge, Meiah and Alloys, 10, 228, 1939. 
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rec}uirements; sections must be thin enough to cool past the 4/ 
point rapidly enough to avoid the formation of fine pearlite, more 
expemsive equipment Is required to quench into a bath at around 
250 to 400“C. and hold there a fixed time, and finally, normal 
variations among different heats of steel result in variable time 
requirements for transformation in the required temperature 
range. 

QUESTIONS 

1. Why is Hadfield manganese steel so well suited for applications requir- 
ing both abrasion resistance and toughness; i.e., rock crushers, etc.? Whf 
would the steel not be suitable for the nozzles of sand-blasting guns? 

2. How might a spheroidized carbide structure be converted to (a) foe 
pearlite, (b) coarse pearlite? 

3. Why is a sorbitic structure preferable to pearlite of equal hardness 
for use as an automotive connecting rod? 

4. How might an 0.40 per cent carbon steel be treated to show (a) lai^ 

of ferrite with islands of ferrite and spheroidized carbides, (h) uni- 
fonnly distributed .spheroidized carbides? 

5. On the basis of photomicrographs shown in this section, state quanti- 
tatively the difference in time required for transformation of coarse austenite 
and fine austenite plus residual carbides at 710°C. (1310°F.). Which prior 
structure would give the finer lamellar spacing in the pearlite formed? 

S. If a quenched high-carbon (martensitic) steel were placed in a furnace 
at 1500'F. {8^®C. i, what would be the effect of the prior structure on (a) the 
required austenizing time, (b) possibility of cracks from stresses associate 
with thermal gradients? 
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^lany of the older textbooks (and, indeed, some of fairly recent 
pubiieation I employ a terminology which differs from that used here and 
thus mmy tend to confuse the student. The older terminology, particularly 
iisagt of the terms primary and Be4xmdary iroosite or sorbite, originated prior 
to of Emn and Davenport (published in the Trans. A.S.M. and 

AJ,M.E.. 1^^-1940) which definitely established the mode of austenite 
traarfonnathm at different- suberitical temperature. 



CHAPTER XI 

HEAT-TREATED AUTOMOTIVE AND TOOL STEELS 

The heat treatment of steels to obtain great hardness or other 
desired properties was an ait practiced for literally thousands of 
} t^ars before any scientific knowledge of the pro(*e^s wa< availalde. 
However, a knowledge of the theory' of stnictiirai changes, i.f a 
rorrelation of the iron-carlx>n diagram, the S curve, and the 
martensite tempering ciir\’e makes it possible to dispense with 
memorized "Tormula*' for the treatment of each different type* of 
steel. An appreciation of these three a.spects of theoretical 
reasoning, as summarized on page 152. enables the metallurgist, 
confronted with a specific, undesirable microstructure, to pre- 
scribe a heat treatment, or an intelligent ly minimized series of 
tests for the determination of a treatment, that will produce any 
one of the large number of possible microstructures. 

MACHIN ABILITY 

Some steels are heat-treated before machining if the desired 
physical properties do not require high hardness. Most machin- 
ing operation? cannot be readily performed on steels of hardnesses 
greater than Rockwell C^25 (BHX 200-250) although, by use 
of rugged, modern ecpiipment for holding the work and tool rigid, 
simple cutting operations have been successfully accomplished on 
steels at hardnesses of C45 {BHX 425). In most cases where 
final hardness is to be above C25 and in the manufacture of all 
cutting tools, the metal is first machined to shape, then hardened 
to a martensitic structure, and finally tempered or drawn by 
reheating to the temperature required to give the specified physi- 
cal properti^. In the^e cases, the structure of the steel prior to 
machining is of considerable importance in determining the ease 
of cutting, tool wear, and the final surface finish on the machined 
part. It is not proposed to discuss here the variables of tool 
design, physical characteristics of tool steels, the rigidity of the 
work-holding device, and tool lubricants or coolants, although 
these faetors might affect maehinability more than the stractiirt^ 

105 
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iA the steel being cut. Assuming that these conditions are all 
properly adjusted, a pearlitic structure will usually cut better 
tlian a sorbitic or a spheroidized structure. The lamellar struc- 
ture is more brittle and the metal tends to shear immediately ia 
front of the tool (along the line of cut) and the chips break off 
more readily, resulting in a cleaner type of cut. On the other 
hand, a very fine pearlitic structure is harder, requires mo^ 
strength at the tool edge, and thus nece.ssitates use of more power- 
ful and rigid machines. The type of cutting operation is also & 
variable; the best structure for an intricate milling operation may 
not l>e Ix^st for drilling or thread-cutting operations. ^ A frequent 
compromise^ in structure is the use of a partially spheroidized 
fK^arlite, fn-quently called a wormy structure. The sti*ucturft4 
shotvn by Plate XI, Figs. 1 and 2, illustrate extreme divergence. 

Methcxls of obtaining different types of structures are implicitly 
explained in Chap. X, a coarse pearlitic structure by slow furnace' 
cooling of austenite and finer pearlites by somewhat more rapid 
cooling. .^plu'roidiztHl structures are, of course, obtained by 
tempering of martensite, but when this structure is desired for 
macdiining purposes it is usually obtained by reheating fine 
pearlite (normalized structure) below the Ai temperature. This 
method depends on the surface tension forces of the carbide phase 
which elfec^tively break up the lamellar distribution and gradually 
agglomerate the carbide to approximately spherical shapes. 
Moderately' short times only’' partly^ spheroidize the lamellae; 
quite long times are required to complete the process. The 
spheroids fonned ai*e somewhat related in size to the pearlite; 
specifically', a coarse pearlite cannot be treated to give a fine 
spheroidite. Heating slightly' above the Ai and then cooling 
below will naturally' break up a coarse pearlitic structure more 
rapidly. Finally, isothermal transformation treatments have 
l)€en successfully' employ'ed to obtain more machinable structure; 
i.€., heating into the austenitic range, furnace-cooling to 1150 to 
1020 to fiSO'^C.), holding there 1 to 4 hr., and then 
air-ccM)!ing. 

EFFECT OF ALLOYING ELEMENTS 

Elements other than carbon and iron in steel may' be present 
thither in solution in ferrite (copper, nickel, aluminum, silicon), in 

‘WoLi>MAN, Imti m, No. 25, p. 37, Xo. 26, p. 44, 1941. 
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trie earbide when sufficient carbon is present itungsten, moiylMle- 
imm, titanium, vanadium), distributed in both basic pluise- 
manganese and chromiiimjy or present as special cijoipouiKb 
-.sulphides, selenides, oxides, etc.), The>e elements all have .M.aiie 
eitect on the positions of boundary iintss in the iron-iairl-ifiii 
diagram, specifically on the carbon content of thf.^ eutec!(dd and 
the critical temperatures. For example. 6 ])er cent cliroruiiiiii 
added To iron shifts the eutectoid concent rat ion to alnjut 0.45 per 
cent carlx>n and raises the *4i temperature to about 75(J°C. 

! 1380T.). The effect on critical temperatures may appear to be 
anomalous in many steels: while nickel depresses both the .1^ and 
At temperatures, molybdenum raises the -4,. temperatures and 
depresses the -4, temperatures. The reason for this effect is 
related to the increased sluggishness of the eutectoid reaction in 
steels in which the aIlo\’ing element both dissolves in ferrite and 
forms a stable carbide that is slow to dissolve in, or precipitate 
from, austenite. Published data for critical points, c.g„ th<>>e in 
the 1940 ed., Handbook,” are generally ba^ed on the 

traasformation temperatures obtained on fairly rapid heating or 
cooling. They do not apply for heat treatments in which the 
steel is held at temperature for an appreciable time. For 
example, a highly albved f British) aircraft .steel of 4 per cent 
nickel, 1.25 per cent chromium, and 0.5 per cent molybdenum 
with 0.25 per cent carbon was reported to have an .4^, of 1320°r. 
and an Ac^ of 1395°F. It was found that, upon heating F>-in. 
sectioas to a series of temperatures and holding for 2 hr., the steel 
became a mixture of austenite and ferrite at 1225°F. (thus, it w^as 
above the Ai temperature) and became completely austenitic at 
1300®F. (necessarily, it w^as above the Az temperature). A 
similar difference of from 25° to 100°F. between the At tempera- 
ture on a continuous heating cycle and those obtained on holding 
at temperature is found in most published temperature data on 
critical points of alloy steels. 

Associated with an effect on critical temperatures, a pro- 
nounced alteration in the microstructures is frequently obsen^ed. 
For example, a hacksaw steel, containing 1 per cent carbon and 
about 1 per cent tungsten, does not develop a pearlitic structure 
upon Lsothermally transforming between the Ai and A / tempera- 
tures. The presence of a strong carbide-forming element, such as 
tungsten, apparently prevents any development of the lamellar 
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ntrbide structure, and the carbide phase comes out of austenite in 
the form of irregular mass^. On the other handj this effect may 
result from incomplete homogenization of the austenite^ since 
fimgsten carbide l< difficult to dissolve completely, and residual 
earbides may serve as nuclei upon which the eutectoidal carbide 
forms, resulting in the abnormal structure. This may also 
tnie of molybdenum, but the equivalent chromium steel, 
S.A.E, 52]0(} with 1 per cent carbon and about 1 per cent 
chromium, forms pearlite b\' use of normal austenitizing tima^ 
and temperatures. 

The theory of the effect of alioydng elements on hardenability 
ha^ considered on page 148. If the purpose of alloying is 
merely to increase the depth of useful hardness or permit the same 
depth to l>e obtained by' a slower quench (therefore with less 
residual stress), it has been found that the addition of small 
amounts of many elements is more effective than a large addition 
of one element, particularly- the use of combinations of man- 
gam^e, chromium, molybdenum, or vanadium. (The addition 
of many elements generally- is more effective in raising the 
strength and hardness of solid solutions than an equivalent total 
addition of a single element.) The reason for this behavior is 
that large amounts of these elements form sluggish carbides 
which, since they do not di^olve fully- in austenite, do not con- 
tribute to any- retardation of transformation at the A/ w-hereas 
small amounts dissolve fully and complicate the diffusion process 
necessarily- aceompany-ing the pearlite reaction. In addition, the 
harfenability effects of several elements are multiplicative, while 
increased amounts of one element are additive in increasing 
hardenability. An idea as to the relative effects of different 
a!loy-ing elements on hardenability- is suggested by the amounts 
required to increase by- 50 per cent the size of a section hardening 
all the way- through when other factors, such as austenitic grain 
size and quenching rate, are constant. Of indi\idual elements, 
this would require: 0.(X)2 per cent boron, 0.05 per cent vanadium, 
(1.14 percent manganese, 0.16 per cent moly^bdenum, 0.20 per cent 
chromium, atout 0.70 per cent silicon, and about 1.40 per cent 
nickel. Vaimiium contents above 0.15 per cent may- actually 
decrease hardenability, be., contribute to shallow hardening, 
owi]^ to the relative stability or slow- rate of solution in austenite 
of Tasadiuni carbide. On the other hand, manganese seems to 
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linearly increase hardonability up to quite hirfi manganese poii- 
tent.-: about l.S per cent permits a steel to harden throughout a 
section live times as thick a-* a comparable 0.21} per cent man- 
ganese steel The required amounts of silicon and mr*kel are only 
approximate since they are based on lei^thy extrapolations of 
limited data.^ 


QUENCHING RATES 

The effect of cooling rate is of sufficient importance to demand 
inclusion of the following table (from Grossman) in which the 
higher numbers represent more severe quenching. The table* 
demonstrateSj more or less quantitatively, the value of movement 
of the cooling medium in speeding up the quenching rate, particu- 
larly the rate in the important temperature range of 723 to 
about 550°C. 



Oil— 

\\ ater — 

Brine- 


60°C. 

20*0. 

20*C. 

No circulation of liquid or agitation of piece 

0.2 

1.0 

2.0 

Mild circulation (or agitation * 

0.3 

l.l 1 

2.1 

Good circulation 

0.4 

1.4 


Strong circulation 

0.6 

1.8 


Violent circulation 

1.0 

4.0 

5.0 


Differences in the efficiency of the several types of quenchiiig 
!)aths in conducting heat from the metal are related to the 
“wetting'^ tendency of the liquid, its vaporization characteristics 
or tendency to form vapmr blankets which insulate the steel, its 
ability to remove scale which also acts as an insulator, and to 
other physical variables. Naturally the temperature of the 
medium is of importance, particularly with reference to its boiling 
point; e.g.j hot water cools steel more slowly than do^ hot oil 
There are noticeable differences among various of oils, 

deijending on their relative \dscosities, vapor-forming characteris- 
tics, and the chemical changes occurring with continued use. 
There are differences between waters, particularly between fresh 
tap water which contains dissolved air, and water that has been 
used for some time (or distilled water) with no air to come out of 


'Grossmax, AJ.M.E. Tech. Pub. 1437, 1942. 
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solution at the >teei t^urface and thereby slow up heat transfer. 
Finally, the concentration of a brine or caustic solution is of 
i!!i|Kirtance, and tests have shown that 9 per cent sodium chloride 
Iff 3 per cent sodium hydroxide solutions are most favorable for 
f'liminatioii of >oft spots caused by vapor pockets at the steel 
-iirface in the early stages of cooling. Incidentally, the increased 
>pet4 of cmiiing of brines does not depend on the use of lower 
rem|Mu*atiires of the bath but is related to its action in removing 
surface oxide or scale and in suppressing vapor formation at the 
steel surface. 


J?LAME-HAia>ENINO AND WELDING 

The theoretical discussion of structural and property changes 
aceompaming the heating and cooling of steels applies not only to 
heat treatment of complete sectioas but also to intentional heat- 
ing of localized surface areas, as in induction-hardening^ and 
flame-hardening processes. Xo stnictures are reproduced here 
for they would be found nearly to duplicate those produced by 
normal heat treatments of similar steels. In both processes, 
uniform control of actual temperatures in the austenitic field may 
l>e somewhat difficult to achieve, but the very short time at 
tem|>erature minimizes grain growdh of the structure. Harden- 
ability is seldom an important factor since a depth of hardening of 
about ^4 in. is the maximum usually desired. Distortion is 
iri^uently troublesome in flame hardening since the entire surface 
to hardened cannot always be brought to temperature at once. 
When large section^ are treated, the flame proceeds slowly over 
the surface, with the quenching liquid following closely behind the 
torch. Considerable experience is required in regulating flame 
intensity, rate of movement, and secpience of movement over the 
surface m as to austenitize to a sufficient depth for proper harden- 
ing, to mimmize distortion, and to avoid overlapping with a 
stnietural discontinuity at the junction of twm successive pass^. 
The induction-hardening proce^ wiiere applicable, avoids this 
diffi-ciilty hy heating the entire surface simultaneously. This 
fiieth€>d is limited by the cost of the requisite electrical equipment 
and by the simplicity of shape required in parts to be treated. It 
is being very suee^fuliy employed for rounds, particularly the 
taring surface of automotive or aircraft crankshafts. 

^ C-0W&. Mttah mnd 0, p. 1, 1938. 
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Welding is essentially a chill-casting process iiivoiving small 
aniounts of liquid metal, which, in contrast to oniinary ca^fiiigs. 
is fused to the “mold" or, in this case, the section !>eiiig welded. 
The fusion requirement means that the base metal in contact with 
the weld deposit is at least momentarily heansl to the |)roximity 
of its melting point with a consequent temperature gradient from 
this zone to a distant point in the l)ase sect if m at which the tern- 
l>emture rise is insignificant. Thermal gradients have airetaiy 
\yeen mentioned as sources of dh^tortion or internal stresses, or 
both, and it is for this reason that welded joints are given a stress- 
relief anneal if service requirements are severe. When |>ossil.)le, 
the entire welded section may be lieated into st re.ss-relief 
annealing temperature range (1100 to 1300°F.), but in large 
assemblies, it is poasible only to flame-anneal," f.c., reheat 
localh’ with a torch. If the steel has air-hardening characteris- 
tics, resulting from the presence of alloying elements, the zone 
adjacent to the weld ma}- become partially martensitic as a result 
of being heated into the austenitic field and cooled rapidly by the 
flow of heat into adjacent cooler sections. High str^ses in a 
localized marteasitic zone are very likely to cause crack formation 
and failure under ordinary ser\ice conditions (see Plate XI, Fig. 
7). This difficulty can be avoided by preheating the entire 
stmcture, before welding, to alx)iit 500 to 700°F. The warm biiuse 
metal slows up the quenching effect of heat flow' from the zone 
next to the w'eld into the adjacent colder metal. 

HIGH-SPEED STEELS 

There are several thousands of different tool steels if classified 
by trade names, several hundreds if classified by composition, and 
perhaps tw'enty or so if classified by types of alloy comp<^ition. 
The structures and properties of a majority of the?e are explicable 
on the basis of the material already presented. The so-called 
‘‘high-speed” steels depart significantly in many w'ays from plain 
carbon, low' or moderately alloyed grades. The following discus- 
sion applies generally to the common types of steel that can main- 
imn their hardness at low' red heats; viz,, I, 14 to 18 per cent W, 
4 per cent Cr, 1 to 2 per cent V; n, 4 to 6 per cent W, 4 to 6 per 
cent Mo, 4 per cent Cr, 1 to 2 per cent V ; IH, 0 to 3 per cent W, 
6 to 8 per cent Mo, 4 per cent Cr, 1 to 2 per cent V. All of these 
typ^ contain from 0.6 to 0.8 per cent carbon and also may be 
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made vnth 5 or 8 per cent cobalt present. Carbon contents ob 
the high side of the range and the presence of cobalt decree 
toughness and increase abrasion resistance. Chromium ai^ 
vanadium are common to all grades, and either tungsten, 
molybdenum, or a combination of both, in the amounts noted, 
requisite for development of the red-hardness property. Within 
the competition ranges shown, it is emdent that 1 per cent of 
molybdenum is roughly equivalent to 2 per cent of tungsten. 

An equilibrium pha^e diagram of alloys as complicated as th^ 
tyi^ of steel cannot be drawn and explained in a simple manner, 
but if the left hand of the Fe-FesC system (page 1 10) be considered 
as fFe + 18W + 4Cr + IV) and a diagram drawn for this 
metallic mixture with carbon additions, the system may be 
portrayed simply and not too inaccurately. In this case, the A,, 
temperature would be about 1540®F. for the 6:6 steel (II); the 
euteetoid carbon content might be close to 0.2 per cent, the 
saturation solubility of carbon in austenite at the eutectic tem- 
perature would be about 0.5 per cent, and the eutectic tempera- 
ture at approximately 2350®F. The eutectic is bet^veen austenite 
and an alloy carbide (Fe, W, Mo, Cr, V)6C and the euteetoid 
between an alloyed ferrite and the same carbide. This hypo- 
thetical diagram explains the necessity of using austenitizing (or 
hardening) temperature close to the eutectic temperature. If 
the steel were hardened from just above the the reuitic^ 
martensite would contain only about 0.2 per cent carbon and, 
eonsecpiently, would not be ver\' hard. The higher the tempera- 
ture is raised, the more carbides go in solution, but they are not 
completely di^olved at any temperature below the eutectic. If 
this temperature is exceeded, the carbides enter the liquid pha^ 
and then, upon cooling, form a brittle eutectic envelope around 
the austenite grains (cf. burning of aluminum alloys, page 82). 
Tbe high-speed steels can be heated close to the eutectic tempera- 
tui^ without exc^sive grain growd:h because residual stable 
earbM«^, which r^trict grain coarsening, are present in large 
amounts until the temperature approaches 2300®F. 

If specimens are quenched from 2275®F. into salt or lead 
^ths at temi^ratur^ from 1500 to 200®F., and isothermally 
tranrform^ in a manner comparable to carbon steels (Fig. 11, 
141), the temi^rature of mc^t rapid transformation is 
^uivalent to the A/ point, Here^ the austenite tram- 



HEAT-THEATED AETOMOTIVE AXh TfMjL ATEELS 173 


foniisitioii starts aitcT approximately 10 min. ha> c4apFefl and L- 
eonipleted in about 4 hr. to a dark-etching >t met tire showing 
siiiail carbide spheroids in ferrite. In the range, 1000 to 7(X}®F. 
^eotdvaieiit to just above the A/’j, austenite lias i>eeii found to l>i:^ 
unchanged at the end of 12 days when tests were >toppedd At 
and below, the Transformation product is acieiilar and 
hard: Coo in the range 6(X) to 500"^. and C65 below 3(MfF. 
Xormal quenching from 2275° in oil givcs^ a structure which 
coa^ists of about 25 per cent residual austenite and 75 per cent 
tetragonal martensite, with a hardness of C6(>-5,5. The lower 
as-quenched hardness is obtained when the austenitizing treat- 
ment is performed near the upper limit of the normal ftmperature 
range. This treatment results in coarser ainstenitic grains, which 
contain more dissolved carbon and consequently transform mort* 
slowly and lea\'e more residual austenite. 

Tempering of the quenched high-speed steel is at fimt analogous 
to the drawing of a quenched carbon steel at low temperatures 
(below 350°F.). The residual austenite in the high-speed steel 
remains unchanged, tetragonal martensite changes to the cubic 
form, and eementite, FesC, precipitates and agglomerates in this 
martensite with a decrease in hardness of the stnicture.- This 
process continues up to temperatures in the vicinity of 750°F. 
The precipitation of eementite, rather than the complex alloy 
carbide, is explained by the ver>' slow diffusion of the allo^dng 
elements, particularly tungsten, molybdenum, and vanadium, 
which forces the carbide to form from the element that is most 
readily available, iron. On raising the temperature to 1050°F., 
the carbon tends to go over to its more stable carbide, the com- 
plicated (Fe, W, Mo, Cr, V)6C, which forms as a fine dispermon 
and increases the hardness of the structure, an effect known as 
i^mndary hardness. The increase is more marked in specimens 
quenched from the highest temperature since these contain the 
mc^t dissolved carbon. This effect in the case of a Type 11 
is: 

Quenching temperature As-quenched hardness j Seconda ry hardne^ 

2225®F. (2 min.) C66 | C63 (1 hr. at 1050=F.J 

227o‘^F. (2 min.) 65 ! 65 (1 hr. at 1050®F.i 

2325°F. (2 min.) 62 j 67 (1 hr. at 105QT. ^ 

^ Ham, Pakke and Herzig, Trans. A.S.M., 623, 1941. 

^ Cohex, Trans. A.S.^f., 27, 1015, 1939. 
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The secondary hardness is also increased by the breakdown of 
rradiiai austenite upon cooling from the tempering treatment. 
Since the martensite so formed involves an expansion in a rigid 
structure, the danger of cracking ma 3 " be greater on cooling from 
the draw than on cooling from the high-temperature quench, at 
which time martensite forms in a plastic austenitic structure. 

The stability of the highh" alloyed austenite at about 1000°F.^ 
shown the isothermal transformation work (no change for 12 
da\'S at this temperature), is commercialty important in two 
ways. If a hea\y or comphcated section is quenched from about 
^OO^F., quenching stresses alone (apart from those associated 
with martensitization) ma\" occasionalh" cause trouble. In this 
event, it would be ad\isable to quench from 2300°F. to a bath at 
1(XK)°F., hold until temperature equilibrium is achieved, and then 
quench to room temperature. This procedure wmiild minimize 
quenching stresses and still achieve the same results as a direct 
quench. Second, if the steel is not cooled to room temperature, 
no appreciable austenite decomposition will occur and, on temper- 
ii^ at 1050®F., no appreciable alloj' carbide precipitation vnU be 
obtained. If, as in this ease, the austenite remains substantially 
unchanged, the advantages of secondaiy hardness are not gained. 

Straightening operations are most safeh^ and readily" performed 
while a relativeh" large amount of plastic austenite is present in 
the structure, i.e., while the metal is still warm after quenching 
from the high temperature. Cracking after the draw' is most 
iikeh" to occur if the steel is permitted to stand too long before 
tempering. 


MICROSTRXJCTXJRES (PLATE XI) 

Plate XI, Fig. 1. Allo\' steel (1.0 per cent Ni, 0.5 per cent Cr, 
0.5 i^r cent C); X 1,000; Picral etch. This steel is used for small 
screw's in an aircraft engine, and specifications require an 
extremely good surface on the threads and at the base of the 
threMs to ensure adequate fatigue strength. The structure 
showm repr^ents stock that was readily cut and from W'hich few 
parts w'ere reject^. It shows excess ferrite surrounding moder- 
ately^ coarse pearlite, both derived hy slow" cooling of a coarse 
grained austenite. 

Plate XI, Rg. 2. Same alloy steel (1.0 per cent Ni, 0.5 per cent 
Cr, 0.5 per cent C) ; X 1,000; Picral etch. Stock from a different 
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M>iiree lor the .same aireraft screws iaa«*hiiied wiih dilliniliy. 
ijver 50 per cent of the parts made were rejec*ted a> liaving an 
inferior finish, although tooling was identical to that eiii|'i!<iyf^d for 
the previous steel. This spheroidized striictun- h:t> oxartly the 
same hardness i Rockwell B90j as that above, but tin/ eoiitiimity 
of the ferritic structure here confers greater ])lasticdty to the 
aggregate. The spheroidal structure <*aii be (‘hanged to a poarl- 
itic type, but a high temperature ^ 17CKTF. for hr.) is reqiiir^ni 
to dissolve the carbides in austenite, presumably !x¥‘aiise of the 
chromium content, although in any ease a moderateh- coarse 
spheroidal structure must be heated to a higher teniperaturoj or 
held a longer time, to transform to homogeneous austenite. 

Plate XI, Fig. 3. Carbon tool .steel ? 1.20 per cent C); X5(K); 
Xital etch. This structure of the raw stock, before hardening, 
shows finely spheroidized carbides in a ferritic matrix although 
details are not too e\ddent at this relativel\’ low magnification. 
However, traces of the former austenitic grain lx)undaries are 
visible by reason of a greater carbide concentration at these areas. 
This structure must have originated as follows: the stc^l was 
normalized (from above the Aem line) and then reheated below the 
critical temperature for spheroidization of the tine, lamellar 
carbides. Probably cooling from the austenitic field through the 
critical temperature was too slow to prevent the separation of 
excess carbide in the form of envelopes around the austenitic 
graias. The subsequent spheroidization treatment broke up the 
continuity of the carbide envelopes but left a “string of beads ” of 
carbide in a network form. This stnicture is not eliminated by 
hardening from the usual temperature between the and Aem 
lines; the coarser carbides, aligned as grain boundarx” envelopes, 
are not dissolved, and their residual presence in a network results 
in a more brittle tool, subject to chipping at the cutting edge or 
other difficulties which are summarized in the words “poor tool 
performance.'’ 

Plate XI, Fig. 4. S.A.E. 4335 steel (1,8 per cent Xi, 0.8 per 
cent Cr, 0.3 per cent Mo, 0.35 per cent C); Xl,CKW; Xital etch. 
This structure is that of the steel after quenching in oil from 
1550°F. and tempering to a hardness of C50. Emplot’ed in an 
antiaircraft gun, this steel is used for a part subjected to batter- 
ing impact loads. The section is too large to be “ austempered,” 
yet hardness is vital and as much toughness as possible Is desired. 
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This iiickei-chromiiim-molybdenum steel has considerably greater 
toughness at a Rockwell of C50 than most other availabie car^ii 
or alloy types. 

Plate XT Fig. 5. Overhardened S.A.E. 52100 steel (1.25 p«* 
cent CT, TOO per cent C); X 1,000; Xital etch. This 
originally developed for baU bearings, is now tvidely used where 
high hardness and good depth of hardening is essential. The 
structure shown was from a defective part in an aircraft-engu^ 
clutch: this section showed brittle chipping of corners which had 
been deigned with rounded edges to avoid such trouble. The 
brittlen^s is undoubtedly related to the extremely coarse mar- 
tensite which must have been derived from very coarse austenite. 
Tills structure shows no residual carbides although it is strong^' 
h\T>ereutectoid (1.25 per cent chromium lowers the eutectoM 
carbon content to about 0.70 per cent), and it is believed the 
part was heated above ISOO'^F. The steel part had been heated, 
by commercial heat treater, in a salt bath and it is hypothe- 
sized that a high-speed steel bath with a minimum operatii^ 
temparature of about 1750°F. was employed in order to avoid 
the trouble and expense of changing to a normal steel hardening 
.salt bath, the type reciuired for treating this steel at the proper 
temperature of i550*^F. 

Plate XT Fig. 6. Properly hardened S.A.E. 52100 steel; 
X TOCX): Xital etch. This structure is of the same steel when the 
original stock wns quenched in oil from 1550°F. and drawn to the 
same hardness as above, Rockwell C62. The background k 
extremely fine black martensite (it might be called troostite 
except for the high hardness) which would be much tougher than 
the overheated coarse martensite. In addition, the presence of 
r^idual, undissolved carbide (the w^hite spheroids) consideraMj 
inereasi^ r^istance to abrasion. 

Plate XT Fig, 7. S.A.E. 3140 steel (0.40 per cent C, 0.75 
cent Mn, 1.25 per cent Ni, 0.60 per cent Cr), section from a 
generator axle broken in service; X 10; Nital etch. This macro- 
graph, taken at the b^e of a keyway notch on a 2-in. shaft, naaj 

interpreted bb follows: The original keyway was cut somewhat 
To correct the error, a layer of ordinary low-carbon 
steel “was deposited by welding at the base. Subsequent macb^ 
ing apparently poroety,. or other defects, in the 

depc^T m a s^ond layer of metal was welded over the first. 
Hie riiJit-hand edge of the micrograph repr^ents the base of the 
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key way, and }i in. to the left of this, an open line A shows the 
]yoor jimction of the first and second weld deposits (weld metal, of 
iow-carl>on steel is white). About 2 in. further to the left, at 
a sharp discontinuity in shading indicates the junction between 
the alloyed steel base and the first weld deposit. To the imme- 
diate right of B, a higher magnification disclosed e\’idenee of 
{*arbon diffusion from the base metal into the low-carbon weld 
metal To the left of B, there is a dark zone \vhich shows a sharp 
transverse crack, followed at C by the normal base metal This 
zone (B to C) was heated to the austenitic state by the first 
welding operation, and cooled rapidly by the mass of the main 
section, it bec-ame martensitic and probably highly stressed m 
well The set*ond weld deposit and thermal gradients related to 
the rapid localized heating probably initiated the crack in the 
martearitic structure which also w'as tempered to its present dark 
etching state before finally cooling again to room temperature. 

Plate XI, Fig. 8. Section in vicinity of C from Fig. 7 ; X 1,000; 
Xital etch. A higher magnification of a section in the ticinity of 
C show's an area to the right in which the alloy became completely 
austenitic and cooled rapidly enough to become martensitic. It 
is in this section (although farther to the right, beyond this field) 
in which the crack shown in the micrograph above was formed. 
In l^tween the marteasitic section and the unaffected base metal 
at the left, there is a zone of metal which apparently became 
austenitized at a sufficiently high temperature for grain growd:h to 
have occurred, as evidenced by the ferrite which separated at the 
austenitic boundaries on cooling. The separation of the ferrite 
is in itself evidence that this narrow zone cooled slowdy enough to 
avoid martensitization. Here, wdthin a narrow^ zone of about 
0.CX13 in., relatively unaffected metal, an area of grain growi:h, and 
an area of tempered martensite are \dsible. 

Plate XI, Fig. 9. Oxidation-resistant stainless steel (20 per 
cent Cr^ 12 per cent Ni) at a wrelded joint; X50; etched with 1 :2;S 
parts of HNOs, HCl, and glycerin. In this micrograph, the d^k, 
fine-grained structure at the right side represents the w'eld depc^t 
(also of 20 ; 12 st^i), while at the left the original structure of the 
metal sheet is visible. In the intermediate zone, the struc- 
ture shows the effect of being heated close to its melting point. 
TMs steel is largely aimtenitic, although some alloyed ferrite or 
h^y-center^ iron is visible as the darker structure, showing t 
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f^rain boundary network distribution. In the heat-affected zone 
there has been a pronounced grain growth and, associated with 
this, a weakening of the structure. This is the reason why in 
most tests of sound, welded specimens, fractures occur in the 
<*oarsened structure adjacent to the weld, rather than in the fine- 
grained, or equivalently, the chill-cast weld deposit. 

Plate Xh Fig. 10. Fine-grained high-speed steel (Type II or 
quenched from 2250°?.; X 1,000 Xital etch; C66. After 
quenching from this hardening temperature, slightly below the 
normal value of 2275®F., many residual, undissolved alloy car- 
bides of (Fe, W, ilo, Gr, V)6C are present in the structure, and 
the austenite grain size is considerably smaller than for the speci- 
men shown in Plate XL Fig. 12. Although this structure k 
predominantly martensitic, the needlelike or acicular characteris- 
tic Is not noticeable. 

Plate XL Fig. 11. The fine-grained high-speed steel (Fig. 10) 
after tempering 2 hr. at 1050®F.; XLOOO; Xital etch; C64. The 
precipitation of alloy carbides and decomposition of residual 
austenite result in this structure's etching more rapidly than 
Fig. 10 and to a black aggregate in which the martensitic needles 
are too .email to be evident. The white spheroids are the residual, 
undis,eolve<i alloy carbides, unaffected by the tempering treat- 
ment. Since a Xital etch of a tempered high-speed steel will not 
reveal the size of the former austenitic grains, a special etch 
(Snyder s reagent, 7 per cent HCl and 3 per cent HNO 3 in alcohol) 
may be used to show the former austenitic grain boundaries and 
yield evidence as to the actual temperature attained in hardening 
a specific part. 

Plate XL Fig. 12. Coarse-grained high-speed steel (Type II or 
6:6), as quenched from 232o^F.; X 1,000; Nital etch;C6L There 
only a few undissolved allo}’' carbides in this martensitic- 
austenitic st met lire. Some traces of eutectic melting are visible 
at the austenitic grain boundaries although the burning is not 
ve^" pronounced and would not be detectable in the tempered 
structure (next micrograph). Quenched from a higher tempera- 
ture than the specimen of Plate XI, Fig. 10, and thus with more 
carlxin in solution in the austenite, this specimen has more 
retained austenite and is, therefore, softer. 

Plate XI, Fig. 13. The coarse-grained high-speed steel after 
tem^ring 2 hr. at ; X 1,000; Nital etch; C66. Martensite 




Plate XI. Figs. 10-15. 
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a wiles forming in a coai'se-grained austenite are ahvays more 
readily resolved than the needles in a fine-grained structure. 
Although more evident and preferable for demonstrating the 
nature of martensite, they are decidedly not preferable for mmt 
uses. This structure is evidence that the tool was ovet'kardemd, 
f.e heated at the upper limit of the permissible range. It would 
have better cutting properties than Plate XI, Fig. 11, if the greater 
brittleness of this structure did not cause chipping or crumbling of 
the cutting edge or if the tool did not snap under an impact load. 
The special etch (Snyder's reagent) would reveal the grain size 
of this structure better than it would that of a fine-grained 
aggregate and would also reveal the incipient melting. 

Plate XI, Fig. 14. Overheated or burnt high-speed steel (Type 
HI or 2:8 W-Mo) quenched from 2350'^r. and tempered at 
1050®F.; X 1,000; Xital etch; C65. When high-speed steel k 
heated above its eutectic temperature, the liquid phase which 
forms at grain boundaries is of nearly eutectiferous composition 
and upon quenching solidifies as a brittle eutectic in which the 
carbide is the continuous phase. This structure, formed by 
quenching, is naturally much finer than, and readil}" distinguished 
from, the eutectic present in the cast alloy or in inadequately hot- 
worked metal. As in all cases of turning^ the eutectic is pre- 
dominantly located at grain boundaries, particularly at the 
junction of three grains, although some spherical liquid pools, 
formed within the grains, now show a roscffc eutectic structure. 
Note the coarse austenitic grain size (now, largely coarse martens- 
ite). The brittle eutectic network makes the entire structure 
brittle, and the metal is ruined as a tool. It cannot be 
readily reclaimed and is ordinarily useful only as scrap for 
remeiting. 

Plate XI, Fig. 15. Properly hardened (2275®F.) and tempered 
(10^®F.) high-speed steel, Type II (6:6); Xl,000; Nital etch; 
C64. This structure shows an undesirable distribution of the 
carbides, present originally in the form of a eutectic net- 
mwk which surrounded the austenitic grains during solidification. 
Since th^e carbides cannot be completely dissolved in the solid 
alloy, bot-working (forging and upsetting) must be relied upon to 
br^^k up this distribution and, in this specimen, the hot-worloDg 
apparently was insufficient. In some very inadequately hot- 
worked lor cast) structure, these carbides may be seen in the 
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Pirate XI, Figs. 16-19. 




184 STRCCrURE AXD PROPERTIES OF ALLOYS 

form of a eoai*se eutectic. This is a transverse section of g 
broach made from a 2 in. diameter bar. 

Plate XL Fig. 16. A longitudinal micrograph of the same 
.•specimen as Fig. lo: X 1,000; Xital etch. The transverse section 
of the tool showed an equiaxed grain boundary distribution of 
iindissolved carbides. This is a \iew of the same tool but with 
the polished section parallel to the long axis of the broach 
(longitudinal). The carbide distribution is, of coarse, an indica- 
tion of the direction of hot -working, and here the envelopes, 
instead of indicating an equiaxed structure, show characteris- 
tically elongated grains. The structure is frequently termed 
hooked carbides. 

Plate XL Fig. 17. Carburized free-machining steel, S.xAE.- 
X1315 (0.15 per cent C, 1.5 per cent Mn, 0.128 per cent S); the 
ease after hardening and tempering; X500; Nital etch; C60. 
This low-carbon, high-manganese free-cutting steel after carbu- 
rizing, quenching, and drawing shows a typical tempered 
martensitic structure in the case, together with some manganese 
sulphide inclusions {S). 

Plate XI, Fig. 18. Case of nitrided steel (0.24 per cent C, 0.55 
per cent ]Mn, 1.20 per cent Ai, 1.10 per cent Cr, 0.25 per cent Mo, 
3.M per cent Xi) after normal ammonia treatment of 48 hr. at 
975®F.; X^X); Xital etch. This represents a good nitrided case 
with an extremely high degree of hardness. The immediate 
.<urfac*e shows a characteristic white layer of somewhat le^er 
hardness than the nitrided zone immediately below it. It is 
believed that the atomic nitrogen, which diffuses into the metal 
during the ammonia treatment, forms an aluminum nitride with a 
high degree of dispersion (aluminum is always present in amounts 
of about 1 per cent in steel which is to be nitrided). This 
particular grade of steel for nitriding has age-hardening character- 
istics which seem to be associated with the combination of nickel 
and aluminum. Not only does the long nitriding treatment at 
975*^F. increase the hardness of the surface to an extent compar- 
able with other grades but, simultaneously, precipitation of a 
phase (of unknown character) occurs in the body of the metal not 
imehed by nitrogen. This results in an increase of mechanical 
strength and hardness of the core which accompanies the surface 
liardening (e.f., tei^e strength of 130,000 p.s.i. increased to 
l!WI,IX>0 Brinell hardneas from 275 to 415). 



HEAT-TREATED AVTOMOTIVE AND TOOL STEELS 185 

Plate XL Fig. 19. Xitrided case of same grade of steel a.s 
Fig. 18 but on an originally severely decarburized surface; X^X); 
Mtal etch. A decarburized steel, slowly cooled from above the 
A I teniperaturej usually shows columnar grains of ferrite extend- 
ing until they encounter the normal pearlitic structure. This 
does not mean that decarbiirization remove.s all the carbon to a 
eertain depth at which it suddenly increases to the normal value, 
hut, when a structure with a carbon gradient cools slowly, ferrite 
forms first at the point in the structure which has the high^t 
|)oint (compare with banding, page 130) and continues to grow, 
forcing carbon away from the austenite-ferrite interface, until the 
entire structure transfornos. WTien the decarburized, columnar 
ferrite grains are subsequently nitiided, growth of the structure 
causes a strong outward force to develop. If the structure is 
weak, as in this case, the net result may be spalling of the case. 
Note how .spalling (or cracking of the case) follows the grain 
boundaries at the decarburization interface. The very large 
ferrite grains permitted very coarse nitride needle to fonn during 
cooling from the treatment. 

PROPERTIES 

Physical properties of the multitudinous alloy steels cannot be 
discuased here. The “Metals Handbook’’ contains charts of 
properties of the S.A.E. types as affected by the standard heat 
treatments. Differences among the steels are related to the dis- 
position of the alloying elements, whether dissolved in the ferrite 
or in the carbide phase (or both), and to their effects on the 
distribution, particle size, and inherent properties of these phases. 
The question of substitutes for alloy steels is determined by the 
same basic considerations. Recent improvements in the quality 
of carbon steels, particularly with regard to freedom from inclu- 
sions and attainment of uniformly fine-grained structures, have 
permitted the substitution of plain carbon steels for alloyed steels 
in many uses. Moreover, low alloy steels now offer deep, oil- 
hardening characteristics %vhich formerly were attainable only in 
steels with a higher alloy content. (See reference on p. i2K) 
regarding the National Emergency (N.E.) steels.) 

The physical properties desired in quenched and tempered tool 
steel are strength or rigidity, toughness, hardness, and abrasion 
r^istanee at maximum cutting or operatir^ temperatures. It is 
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nut eii^^toiaary to employ the lusuai temsion test because a slight 
ec(‘entrieity of loading would not be relieved by localized deforma- 
tions in this nonplastic material and premature rupture would 
result from stress concentrations. Torsion tests, in which the 
stresses are distributed over a comparatively long distance, how- 
ever, are of great value, and when the angle of twist is multiplied 
by the ultimate torque a useful indicator of “toughness” is 
obtained. The minimum degree of toughness required should 
cuahie the tool to resist the stresses that normally occur in manu- 
facture and use and prevent undue cracking, chipping, or crum- 
bling of the cutting edge. Hardness is usually determined by the 
Rockwell method, although file tests can be very useful in this 
field. The wearing quality, or resistance to abrasion, must be 
determined by some form of test simulating service conditions. 
Thus, there are a great variety of cutting tests in which the 
material is made into drills, milling cutters, saw blades, etc., and 
made to perform heavy-duty service under strict control. 

CARBON STEELS^ 

Carbon tool steel still maintains a wide usefulness and well- 
dc'served popularity for a large variety of cutting tools. Some of 
its valuable attributes are: The high hardness which can be 
imparted to it, greater than that of many of its alloyed competi- 
tors; toughness, espe^cially under shock; ease of fabrication; the 
readily varied degree of hardness or temper; and finally, its low 
cost. These valuable qualities have firmly entrenched it for hand 
tooh^, tools subject to severe shock, and tools which encounter 
only low operating temperatures. 

Steels containing up to 0.75 per cent chromium or 0.25 per cent 
vanadium are usually regarded commercially as carbon tool 
steels. Chromium in this low range imparts the quality of 
hardemng uniformly to a greater depth. Consequently, carbon- 
steel drills in siz^ larger than 1 in. in diameter are usually made 
from this grade of steel. Vanadium increases toughness and 
widens the permissible hardening temperature range by refining 
the grain size or restricting austenitic grain growth. 

^ More detailed mformation on carbon and alloy tool steels is available in 
artides by Gil (Meial Progrem, November, 1934) and Emmons (Metd 
I^ember, 1933), from which a part of this discussion has been 

alistiaeted. 
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INTERMEDIATE ALLOY STEELS 

Chromium, tungsten, molybdenum, and manganese in anKJunts 
of 1 per cent or higher are frequently added to tool steels. The 
objective is sometimes to increase the cutting quality and some- 
times to make the steel hardenabie by oil-quenching. Com- 
mercial tools made of such steels are frequently marketed as 
•*earlx>n ’’ tools. At times, carbon tool steels containing less than 

3 per cent tungsten have been marketed as semi high-speed steels, 
a classification to which they are not entitled (the prefi.x semi is 
generally meaningless when applied to metallurgical products). 

Tool steel containing from 1 to 1.5 per cent chromium is oil- 
hardening and develops a good degree of hardness and excellent 
toughness together vdth a high resistance to wear. An unusually 
wide range of useful properties can be imparted to it by variations 
in heat treatment. Its ease of fabiication and its low cost also 
contribute to its popularity. 

Tool steel containing from 1 to 1.5 per cent manganese is also 
oil-hardening and is frequently used for intricate tooh where there 
is great danger of warping or cracking if made from plain carbon 
steel and quenched in brine. It has been particularly popular for 
die work and for forging tools. 

Other intermediate alloy steels of higher alloy content are used 
for special requirements. A good example is the steel with about 

4 per cent tungsten, 1 per cent chromium, and 1.4 per cent carbon, 
used for fine finishing tools taking only light cuts, and also for dies 
where great resistance to w’ear is required under low operating 
temperatures. Some makers also add small amounts of vana- 
dium to this steel. Molybdenum steels are used to some extent in 
this field, intermediate between carbon and high-speed steels. 

HIGHLY ALLOYED TOOL MATERULS 

A recently introduced type of oil-hardening steel employs 12 per 
cent or more chromium and 1.5 per cent carbon; in air-harden- 
ing varieties minor additions of vanadium, cobalt, or molyb- 
denum are made. Such steels are used for thread rolling and 
forming dies where great resistance to wear is desired. They 
have been found to be quite resistant to moderate operating 
temperatures. 

The familiar 18-4-1 (Type I) composition predominates in the 
field of high-speed steels (at least, until the war caused a shortage 



188 STRUCTURE AND PROPERTIES OF ALLOYS 

ill tungsten). It Is used for the majority of mass-production 
operations and is a universal standard of comparison for cutting 
quality. The peculiar property distinguishing high-speed steel 
from carbon or low-alloy steels is its ability to maintain its hard- 
ness, strength, and cutting quality at high temperatures, up to 
ll(K)®F. (about 600®C.), or a low red heat, while carbon-steel tools 
start to soften at operating temperatures in the \icinity of 400°F. 
(about 205T.). 

High-speed steels containing cobalt are harder but not as tough 
as the standard types (I, II, and III, page 171). The}’- may be 
hardened by treatment throughout a wider range of temperature 
with likelihood of damage by grain grovdh upon overheating. 
These steels, however, tend to develop a soft skin as a result of 
surface decarburization during heat-treating so that the working 
surfaces must lie ground after hardening. They are particularly 
adapted for cutting hard, gritty, or scaly material. 

In the field of high-speed steels, molybdenum has long been 
known to be a possible substitute for tungsten, but it is only in the 
last 10 years that the low-tungsten, high-molybdenum types have 
come to bc^ widely used. The chief deterrent was the decarbur- 
ization of the surface of these steels (particularly in the 1.5 per 
cent W, 8 per cent Mo t}"pe) occurring at the hardening tempera- 
ture of about 2250°F. (It may also occur to some extent when 
the steel is being preheated at about 1500®F.) This difficulty has 
been overcome in most cases by the use of a thin film of borax 
which, even though liquid at the hardening temperature, restricts 
the counter diffusion of oxygen and carbon atoms at the surface 
sufficiently to prevent noticeable removal of carbon. The use of 
borax (or other surface coatings) is messy; borax drippings in a 
furnace may alter the temperature distribution; the film on the 
quenched tcK>l is difficult to remove; the steel is more sensitive to 
temi^rature variations at the high heat than the 18-4-1 ; these and 
other minor fac^tors have contributed to a reluctance on the part 
of toolmakers and users to accept high-molybdenum types. The 
new 4 to d per cent tungsten and 4 to 6 per cent mol\ffidenum type 
more elcxsely ra^embles 18-4-1 in its heat treatment, with regard 
both to decarburization and temperature, and is therefore coming 
into wide use since it enables a saving of about two-thirds of the 
tui^ten in the basic hi^-speed type. It is impossible to 
distiiguish between the structure of the three grades when eaeh 
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has hern propprbj hent-tnMUfL Tho in pro|>f^!ii<*>. 

particularly cutting |>erformanee, i> also niinuic or ab<eiit . f.oii|r 
studies in plants of large users have indicated a teridency for cjnc 
grade to be superior for one type of cutting operation while a 
different grade might show a slight si!|xu*iority for a differeni 
operation. The difference are usually small apparent only froni 
statistical studies, and might be far outbaianeed by variability in 
the heat treatment or stmcture of any one type or by improiXT 
tool design and maintenance. 

Other materials besides high-speed steel are available for 
cutting operations at elevated temperature. The Steliitp ty|M- of 
alloy containing cobalt, chromium, and tungsten must cast and 
ground to shape and is more expensive than the steels. It 
requires no heat treatment and maintains useful cutting hardnc*ss 
at temperatures far above thase perniitte<i by the use of high- 
speed steel. 

Carbide compositions, such as Carboioy or Firthite, generally 
contain approximately 94 per cent tungsten carbide particles, held 
in position by about 6 per cent of cobalt. The alloy cannot l>e 
produced with a useful structure by melting and casting, but 
powders of the constituents, tungsten (or tantalum, boron, etc.) 
carbide, and cobalt are mixed, pressed to approximately final 
shape, and then sintered by heating to a high temperature in a 
hydrogen atmosphere. The aggregate possesses great hardness 
(closely approaching that of the diamond, which the hardest 
material known), high compressive strength, but a relatively low 
order of toughness. Tools made of carbides have often been seen 
machining glass or porcelain in popular demonstrations. Thase 
tools are almost requisite in cutting abr^^ive materials of rela- 
tively low’ strength w’hich rapidly dull the edges of other tools — 
such as aluminum-silicon alloys (page 95), white cast iron, 
graphite, hard rubber, slate or asbestos compositions. Carbide 
tools will cut cast irons at exceptionally high speeds which 
produce very high temperatures at the tool edge. In many types 
of machining work, they will remove metal from foi^ngs, east- 
ings, etc., at rates far surpassing the best attainable with high- 
speed-steel tools. The brittleness of the material however, 
sometimes limits its applicability since a high clearance angle 
cannot be employed. It has occasionally been found inferior to 
high-speed steels in machining some typ^ of highly alloyed steels. 
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tiiid it uj^iially tnferior on nuii*hiiie.s subject to excessive vibm- 
tioii by either tool or work. 

QUESTIONS 

1. A} What hear treatment would you recommend for spheroidizing the 
eerneiitite of steel containing 1.0 per cent carbon? ib) WTuit is the effect of 
a coarse spheroidal carbide structure on the subsequent hardening heat 
treatment? 

2. A steel shews a microstructure consisting of approximately 50 per cent 
free ferrite and 50 per cemt coarse spheroidal carbides in a ferritic matrix. 

What is the probable carbon content of the steel? (5) Describe two 
different heat treatments that might have resulted in this structure, (c) 
How c*oiild the structure be changed to show smaller spheroidal carbides 
imiformbj dispensed in ferrite? 

3. A coarsely spheroidized 1.0 per cent carbon steel gives trouble in an 
intricate machining operation. It is desired to test the machinability of 
specimens with the following structures: (a) coarse pearlite + some sphe- 
roidizeti carbides, {h‘; entirely fine pearlite, fc) entirely fine spheroidal 
carbides, id) moderately coarse pearlite + ferrite, (e) partially spheroidized 
moderately foie pearlite. Describe the heat treatments required, in terms of 
temperatures and c<x)Iing rates, to produce these structures (if they can 
he obtained . 

4- ? u What quenching media are used for cooling steels from the austen- 
itic range? :.\rrange in order of decreasing cooling rates.) (h) What 
advantages would he gained by quenching a section of carbon steel 

into brine, then, as soon as the exterior has cooled below 1000°F., trans- 
ferring the section into an oil bath? (c) After removing from the brine, 
holding in air a few seconds, and then replacing in the brine, what might 
the final surface structure be? 

5. How might a large screwdriver be treated, using an external source 
of heat but once, to develop a fine pearlitic structure in the shank and a 
troostitie structure at the tip? 

6. Whai difficulties are associated with the hardening of dies used for 
cutting thrt^ds? How would you suggest heating a large high-speed steel 
wedge so as to bring the hea\w section up to the proper hardening tempera- 
tuie without burning’’ the thin edge? 

T. Since neither the hardness nor the toughness of a high-speed-steel 
rutting tool is usually increased by tempering at 1050°F., why should it be 
given this treatment? 
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CHAPTER XU 

CAST IRONS 

The iron-earbon phase diagram of page 110 is appliealilc^ To ftie 
interpretations of cast-iron structures when mcxiifying factors, 
such as undercooling and impurity effects, are considercnl. In the 
discussion of that diagram, it was pointed out that the pha<e in 
stable equilibrium with ferrite or austenite is graphite, not 
carbide, although the positions of important Ixjundary lines, such 
as the eutectic, Acm and Ai lines, are not materially dn^placed in 
the stable system. Cast irons, containing from 2.0 to 4. per cent 
carloon show ferrite, graphite, and carbide in their structures at 
room temperature, depending on the variabksi; to be discussed. 

COMPOSITION 

Cast irons are easentially pig iron from a blast furnace, remelted 
with additions of cast-iron scrap and, occasionally, of steel scrap 
and perhaps some ferro-alloys to modify the composition to that 
finally desired. The original pig iron is usually made particularly 
for foundry- use: analyses of some t\q)ieai grades are: 


Trade name 

Per cent C Per cent Si 

Per cent S 


Mil 

No. 1 — soft 

3.00 

3.00 

0.05 

0.3-1. 5 

0, 1-1.0 

Xo. 1 — fdry 

3.25 

2.50 

o.a5 

0.3-1. 5 

0. 1-1.0 

Xo. 2— fdry 

3.50 

2.00 

0.06 

0.3-1. 5 

0. 1-1.0 

Xo. 3 — fdry 

3 . 75 

1 .50 

0.065 

0.3-1. 5 

0. 1-1.0 


Stoughton, '‘Metallurgy '*/ Tron and StetV' MrGraw-Hill, 1934. 

Silicon is the most important element in controlling the degree 
to which the east iron develops a stable structure, in which carbon 
is present as graphite rather than cementite. The mechanism by 
which silicon forces carbon into the graphitic form is not well 
known nor is it certain whether, during solidification of a normal, 
hypoeutectic east iron, the eutectic reaction is Liquid — ^ 7 + FejC 
with a simultaneous breakdown of FeaC in the manner 

FesC 3Fe (y) + C (graphite) 

191 
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or whether the graphite forms directly in the eutectic reaction 
Liquid + graphite. At any rate, assuming for the moment 
that other elements are present in low concentrations and 
that the cooling rate is moderately rapid, the absence of silicon 
causes the alloy immediately after solidification to contain only 
primary" austenite ufith eutectiferoiis austenite and carbide 
(ledeburite). A critical concentration of silicon (the amount 
required will be affected by other elements and the cooling rate) 
will cause the structure to be mottled — a mixture of austenite, 
ledeburite, and graphite — w'hile further additions of silicon will 
cause the stable system to be attained, and the structure will then 
!m‘ austenite and graphite. Further cooling below the Ai tem- 
IK^ature causes the austenite to transform eutectoidally, and 
again the silicon content (together with the other variables) will 
detennine which of the following reactions occurs: 

(a) y a + ¥e^C or (6) y — ^ a + G (graphite) 

If the silicon content is just enough to graphitize completely the 
eutectic reaction, reaction (a) may predominate at the eutectoid, 
and the final structure becomes pearlite plus graphite. A large 
excess of silicon forces the eutectoid reaction to proceed as (6), 
leading a final stnicture of ferrite and graphite. Intermediate 
silicon contents may permit both reactions to occur in different 
parts of the structure, which results in a mixture of ferrite, pearl- 
ite. and graphite. The physical distribution of these phases is 
naturally of vital importance with respect to the ph^^sical proper- 
ties of the aggregate. Under most conditions, the maximum 
graphitization effect com^ at silicon concentrations of about 3 per 
cent. Further additions may again tend to stabilize carbide, as 
w-eE as cause iron silicides to appear. 

Mangamm k in itself a moderately strong carbide-forming ele- 
ment, and its presence in cast iron tends to stabilize carbide or 
prevent graphitization. For example, if just enough silicon is 
pr^nt tn pve a completely graphitic structure under specific 
conditions, a slight increase in manganese may make 
the iron mottled” (partly carbide in the eutectic) or a large 
in man^n^ may cause the iron to solidify completely in 
the m^astaWe or carbide condition. This effect is postulated on 
the ateence of sulphur. 
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Sulphur chemically acts to stabilize iron carbide although it 
does not participate in the carbide formation. It has a very 
strong influence; it is ordinarily considered that each O.Oi per cent 
sulphur is suiBcient to neutralize the graphitizing influence of 
0,15 per cent silicon. However, sulphur has a strong affinity for 
manganese to form a manganese sulphide compound (page 25} 
which has little influence on carbide or graphite formation. 
Therefore, the first additions of .<ulphur to an iron with a moder- 
ately high manganese content have an indirect graphitizing 
tendency by removing the carbide-stabilizing manganic; vice 
versa, the first additions of manganese to a mcxierately high 
sitlphur iron remove some of the sulphur from an active to an 
inactive role and thus promote graphitization. Although the 
sulphur content of foundry pig iron may be in the vicinity of 0.05 
per cent, sulphur present in the coke enten? the iron with which is 
is in contact. This may rc^sult in a considerable increase in 
sulphur content when high-sulphur coke Is used and, in setting up 
a furnace charge, necessitates a compensating adjustment in 
silicon or manganese contents. 

Phosphorus chemically acts to promote carbide formation. 
Physically, it forms a phosphide eutectic with a melting point 
below that of iron and carlx>n. This causes the y + Fe^C 
eutectic to solidify over a temperature range which increases the 
critical time available for silicon to promote graphitization. 
With moderately low phosphoms contents, the physical effect 
predominates and graphitization is encouraged, but large amounts 
of phosphorus cause it to act chemically as a carbide stabilizer. 

Gaseous elements, particularly hydrogen and oxygen, may 
enter cast iron during melting and will affect the cast structure. 
Hydrogen seems to stabilize carbides (Boyles) and, when com- 
bined with oxygen as steam or moisture, is quite active in prevent- 
ing graphitization during solidification but does not seem to have 
any effect on graphitization of the solid iroh. Oxygen, as iron 
oxide, seems to promote graphitization during solidification and 
retard the process in the solid alloy ^ (during malleabilizing, page 
^ 3 ). 

Of the alloyinp eXeMentSj nickel, which like silicon dissolve com- 
pletely in ferrite, also acts as a graphitizer w'hiie the carbide- 
forming elements, specific^y chromium and molybdenum, tend 

^ Boegehold, Trans , 26, 1(^, 193S, 
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to stabilize carbide. The effect of alloying elements on the mode 
of dispersion and particle size of the basic phases, ferrite, carbide, 
and graphite, is the chief reason for the use of alloy cast irons. 

UNDERCOOLING 

In general, very slow cooling tends to permit equilibrium condi- 
tions to be attained in alloy vsystems. In the iron-carbon system, 
graphitization is assisted by slow freezing and retarded or pre- 
vented altogether by rapid freezing, or chill-casting, unless the 
composition is adjusted by increasing silicon and decreasing 
manganese and sulphur. If such an adjustment is made, the 
graphitic structure would be expected to be finer grained by 
reason of the more rapid nucleation of crystallization in under- 
cooled liquids. 

Since both ferrite and carbide are white, the broken surface of 
a cast iron that contains only these phases shows a white fracture 
and the metal is called a white iron. A cast iron that contains 
only ferrite and graphite (or even pearlite and graphite) breaks 
along the graphite phase. Even though the graphite is discon- 
tinuous, a fractured surface contains enough sooty graphite to 
have a gray color, and the metal is called a gray iron. The 
mottled structure already spoken of is a result of the iron’s being 
graphitic in some areas and carbidic in others. 

The relation between the color of the fracture and the structure 
of a cast iron makes it quite easy to test an iron of a specific com- 
position for degree of graphitization. The degree of undercooling 
may be varied by pouring the liquid iron in a wedge-shaped mold. 
At the thin end of a wedge, less hot liquid metal and more heat- 
abstmcting material are present, and the cooling rate is quite 
rapid. As the thickness of the wedge increases, the cooling rate 
is eorr^pondingiy slower. The fracture of the cast wedge will 
show at what thickn<^s of a easting having varied sections, 
mottled or white iron is likely to be encountered. 

MICROSTRUCTURES (PLATE XH) 

Plate XIL Fig. 1 . Commercial white cast iron (about 2.50 per 
rent C); XM; Picral etch. This specimen shows a hypoeutectic 
straetmre in which the gray background was chiefly’- primary 
austenite but tramformed on later cooling to pearlite. The 
vrMte are iron carbide. The eutectic structure of 7 and 
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IVoC' not very evident >i!n*e pan of ilie riitoiiis* 

wa.- alongside, and indistiiigiiishahle from, l lie priuiary ail>lelli!f^ 
Airhoiigli white iron is ordinarily coii<idered fu he brill le, linrtl 
and iinmaehinable. this structure is sulfieierilly low in earhidi* for 
tlie peaiiite to be nearly continuous: the iron >iinwed a 
ductility in the tension test and could he niacdiinc'd. 

Plate XII, Fig. 2. Same white iron: XLo(H): Pirral etch. Ai 
a high magnification, details of the pearlitic baekgroninl and 
massive carbides become readily visible. Although in this 
hypoeiitectic structure three different forms of carbide Aumhl 
exist, specifically, eutectic FesC, FcgC separatingout from 7 along 
the Acm line, and euteetoid carbide, only the first and itist are 
visible. Presumably, FesC separating out from austenite along 
the Acm line formed on the massive, eutectiferoiis FegC already 
present rather than at the austenitic l:>oiindaries. This form of 
preferred nueleation, or in reality, growth of j>resent large* nu(*lei, 
is rather frequently encountered in all alloys where a comparable 
condition may exist. Here, the euteetoid reaction was normal 
and all of the euteetoid carbon apparently formed pearlitic 
carbide. 

Plate XII, Fig. 3. High-carbon white cast iron (about 4.0 per 
cent C); X50; Picral etch. This structure appears to be com- 
pletely eutectiferoiis, showing only ledeburite. Again the white 
structure is carbide, appearing in this chill-C‘ast straeture in a 
needlelike form. The background was austenite as the eutectic 
solidified. 

Plate XII, Fig. 4. Same w’hite iron; X8(K); Picral etch. At a 
higher magnification, details of the ledeburite structure become 
e\ddent. The white carbides stand in relief with ferrite in 
betw’een, since the intervening austenite did not normally trans- 
form to peaiiite. The carbide foraiing frt>m austenite along the 
Aem line built up on the euteetiferous carbide masses, as in Plate 
XII, Fig. 2, but in addition, carbide from the pearlite reaction 
also tended to form on the Fe^C already present. In some areas, 
this has resulted in a completely abnormal structure (see page lol>) 
where onl^’^ ferrite and massive carbides are \isible while, in other 
places, some small areas of fine pearlite (dark masses) are visible. 

Plate XII, Fig. 5. Standard malleable cast iron; X50; Xital 
etch. If the white cast iron of Fig. 1 w’ere heateil long enough 
below^ the eutectic temperature, the carbide would decompose to 
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graphite by the reaction FosC -^3Fe (y) + C (graphite). The 
graphite forming in a solid structure grows in all directions from 
nuclei in the carbide to form nodular graphite or temper carbon 
particles in austenite. Very slow cooling through the euteetoid, 
with sufficient amounts of dissolved silicon present, causes the 
euteetoid reaction to be in the form, y a + C (graphite), and 
this additional graphite forms on the nodules alread3^ present. 
The end structure shown here consists of a continuous, moder- 
ately fine-grained ferrite containing irregular, randomly dispersed 
graphite nodules, 

Plate XII, Fig. 6. ^Malleable cast hon; X300; Nital etch. At 
a higher magnification, details of the ferritic matrix and nodular 
(or “ temper ’') carbon particles are more evident. 

Plate XII, Fig. 7. Chill-cast grsiy iron from an automotive 
hydraulic brake cylinder; XlOO; Nital etch (very light). This 
structure is recognizable immediately’' as hypoeutectie, with 
primary dendrites surrounded by a continuous eutectic structure. 
The primary’ dendrites were austenite which subsequently trans- 
formed to pearlite, but the light etch has not darkened the pearl- 
itic structure. The black eutectic structure is of pearlite (7 
during the eutectic reaction) and veiy small graphite flakes. The 
eutectic structure is fine as a result of the chill-casting. In order 
to chill-cast the iron and still obtain a graphitic structure, the 
silicon content must be quite high, with manganese and sulphur 
low or balanced. 

Plate XII, Fig. 8. Chill-cast iron (Fig. 7) at X 1,000; light 
Nital etch. This high manification shows the pearlitic character 
of the primary’ dendrites (w'hich solidified as austenite) and the 
very’ fine (as compared to normal ca^t iron, Plate XII, Fig. 9) 
graphitic carbon flakes. The white structure P with small holes 
is a eutectic structure of iron phosphide, called steadite. 

Plate XII, Fig. 9. Gray’ cast iron at X50; as polished with no 
etch. The graphite flake structure of ordinary’ east irons is most 
r^dily visible in the unetched structure since the black “ groove 
reprinting the graphite show’ up best against a w’hite back- 
ground. The size of thi flakes is e'vidently^ about twenty times 
thc^ of the iron (Plate XII, Fig. 8). Until fairly 

r^ently, mcM photographs of cast iron appeared to have tremen- 
dously ^^ter amounts of graphite than actually w’ere present. 
This es^^gemtion occurred when polishing with the usual cloths 
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liaviBg a long “nap''; cloth fibers dug out the soft graphite, and 
the abrasive powder on the cloth gradually widened the narrow 
channel formerly occupied by graphite. Short-napped cloths, 
such as silk, or lead laps containing ”a fine abrasive leave more 
scratches but give a truer indication of the size and distribution 
of graphite. 

Plate XII, Fig. 10. Gray cast iron at X50; light Nital etch. 
This is a somewhat different iron from Fig. 9, ha\ing more and 
larger graphite flakes. The white area adjacent to the graphite 
is generally ferrite (with silicon, etc., in solid solution). Light- 
gray areas are pearlite. 

Plate XII, Fig. 11. Soft gray cast iron at X300; Nital etch. 
At this high magnification, the pearlitic part of the background of 
the iron is resolved. The pearlite in ordinary moderately soft 
cast irons is coarser than in steels, because of slower cooling 
through the critical temperature and the higher silicon content 
and coarser grain size of the austenite. The white structure 
adjacent to the graphite is ferrite (a) and, in addition, some 
steadite is \isible (P). 

Plate XII, Fig. 12. Relatively hard roll iron at X300; Nital 
etch. This iron is used for cast-iron rolls employed in rubber 
mills. It is noticeably harder and more abrasion resistant than 
ordinary'' soft iron, for two reasons; (a) there is more carbon in the 
combined form as pearlite, and (h) there is a much higher phos- 
phorus content and the iron contains large areas of the hard, 
vrhite phosphide eutectic (marked P). 

Plate XII, Fig. 13. High-strength gray cast iron; XlOO; 
unetehed. This iron with a low silicon content was melted in a 
speeial iBrackl^burg) furnace and then treated with pow’dered 
ferro-silcon just before easting. The structural effect is similar 
to that of sodium added to aluminum-silicon alloys before casting 
page 88)5 but the mechanism is different. Here, the total 
silicon content is sufficient to cause the iron to be graphitic and 
relatively fr^ from large carbides, even in thin sections, and the 
addition of the ferro-silicon at. the proper time provides many 
more nuclei for soHdification with a resultant refinement in struc- 
ture. The size of these graphite flakes should be compared with 
of Fip. 9 and 10 . 

Plate XII, Fig. 14. High^trength cast iron (Fig. 13) at 
XljCKWf; Nital etch. The matrix stnictiire of the high-strength 
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iron is almost completely pearlitic although a few small ferrite 
are^ are visible {a), as well as some steadite, (P). 

Plate XII, Fig. 15.^ High-strength alloy (Ni, Cr, and Mo) cast 
iron; XlOO; iinetched. Additions of nickel, chromium, and 
molybdenum, with the carbide-stabilizing effect of the chromium 
and molybdenum balanced by the graphitizing effect of nickel and 
silicon, result in a greater refinement of graphite flakes than can 
he achieved by iron-silicon inoculation. Note in this structure 
that the graphite shows an interdendritic form of dispersion. 
This iron at X 1,000 has a structure very similar to that of Plate 
XII, Fig. 14; pearlite, a few ferrite areas, and fine graphite. 

Plate XII, Fig. 16. Alloy cast iron; X50; Picral etch. This 
iron has less alloy content than Fig. 15; it contains 3.0 per cent 
C, 1.70 per cent Xi, and 0.6 per cent Mo (trade name, Ni-Tensyl). 
The graphite flake size is decidedly smaller than ordinary gray 
iron, while the matrix is a eutectoidal ferrite-carbide aggregate. 

Plate XII, Fig. 17. Heat- and corrosion-resistant alloy cast 
iron; XoO; Xital etch. This is a highl}" alloyed austenitic iron of 
the following composition: 2.75 per cent C, 14. per cent Ni, 2 per 
cent Cr, 6. per cent Cu (trade name, Ni-ResLst), Variations in 
shading of the austenite (from w'hite to light brown) show coring 
in the solid-solution austenitic dendrites. The small, bent, black 
streaks are graphite flakes, and the fine eutectiferous netwrork 
represents carbides. 

Plate XII, Fig. 18. Abrasion-resistant alloy cast iron (Ni- 
Hard); 3.5 per cent C, 4.5 per cent Ni, 1.7 per cent Cr; XlOO; 
Nital etch. This structure Is also clearly hypoeutectic with 
primary dendrites surrounded by a fine eutectic structure. The 
highly alloyed austenite is so sluggish in transformation that it 
becomes martensitic at ordinary cooling rates in the mold after 
easting. In addition, the eutectic structure contains an alloy 
carbide. The aggregate is hard and unmachinable ; it can be cut 
only by grinding. 


PROPERTIES 

Structurally, the matrices of gray cast irons resemble steels in 
that they eontmn varying proportions of ferrite and pearlite. . 
The ferrite may be a little stronger than that of most carbon 
tecause of the dii^olved silicon, but the pearlitic part of 
the sfrtirture may softer as a r^ult of its somew^hat greater 
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(‘(larspiie.^s, ( )\T*rhalan<*in^^ both of these factors is the weakeiiinff 
and embrittiing effect of a relativeh" large amount (3 per cent bv 
weight corresponds to 12 per cent by volume) of the soft, brittle 
graphite flakes which disrupt the continuity of the plastic matrix 
The edges of the flakes are likely to be comparatively sharp, and 
(^ach acts as an internal notch which, upon deformation, tends to 
initiate a crack in the plastic matrix. For this reason, gray east 
irons break with a brittle fracture and, until the past decade, at 
stresses of only 20,000 to 30,000 p.s.i. In recent years, strengths 
have l)een increased until around 60,000 p.s.i. is a common value. 
Some foundries have been pouring iron for several years with no 
test bars in the 60,000-p.s.i- class ever breaking below this value. 
There are classifications of 30,000, 40,000, 50,000, and 60,000 p.s.i. 
(‘a<t iron. The higher strengths have been achieved in two ways; 
by greatly refining the graphite flake size (e.g,, Plate XII, Figs. 13 
and 15) and by attaining a fine, completely pearlitic matrix. 
Success in achieving this structural condition is dependent on 
close control of the chemical composition of the iron and of 
pouring temperatures. 

.\side from strength properties, gray cast irons have several 
other features which fit them particularly well for certain applica- 
tions. The relatively low melting point and ready castability of 
irons makes them relatively cheap, although, naturally, costs will 
i)e increased if high-strength specifications require laboratoiy' 
control and use of allowing elements. 'Move important in some 
applications is the fact that the internal structural discontinuities 
offer sit^ for the local dissipation of vibrational energy. This is 
equivalent to saying that gray cast irons have a high internal fric- 
tion or damping capacity. Used as a base for machiner 3 ^ or any 
equipment subject to vibration, the structure of the iron permits 
the ribrations to be al^sorbed internally. Machine bases, or 
piano fram^, could be made of welded steel assemblies, but these 
ai^nibli^ would not so readily absorb external xribrations and, at 
frequencies approaching the natural \ribi*ation period of the struc- 
ture, the amplitude of vibration might well increase to the point 
m’here the structure would break by fatigue stressing. The great 
importance of this feature of ca^t irons is just coming to be 
recogniied and more fully utilized; e.g., in the Ford cast 
crankshaft. 
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IMalleable iron castings are of intermediate cost and properties 
between gray iron and steel. ^ The nodular form of graphite, or 
temper carbon, does not interrupt the continuity of the ferritic- 
matrix, and the aggregate may show strengths of around 55,(MKI 
p.si. combined with elongation values in the vicinity of 12 to 18 
per cent. Two fairly recent developments have been of engineer- 
ing significance. Closer control of composition and pouring 
temperatures (sometimes achieved by the use of special melting 
furnaces) has given a metal that is consistently white in the 
as-cast form and yet quickly graphitizes upon reheating. This 
possibility of quicker graphitization has been successfully utilized 
by the development of new annealing furnaces in which castings 
need not be packed in an insulating carbonaceous material (to 
protect them from excessive scaling) and require a week to heat, 
to hold, and to cool from the annealing temperature but in whicli 
the raalleabilizing treatment can be completed in 48 hr. or less. 
Uniform results can be achieved only by uniformity of heating 
during annealing, a requirement best met by long, continuoas 
furnaces of small cross section. A second development has been 
of malleable cast iron containing temper carbon nodules in a 
pearlitic rather than a fenitic matrix. The pearlitic structure 
enables the iron to show strengths in the vicinity of 70,0CK) to 
80,000 p.s.i. and good elongation, 6 to 12 per cent. Some 
foundries call this material semisteeU but the disrepute of this 
meaningless word has led to the use of the more exact descriptive 
term Pearlitic Malleable. 

Heat treatment of cast irons wiU not affect the gi'aphite struc- 
ture, at least not that representing carbon in excess of the amount 
soluble in austenite. (This is the reason that malleable ea^^t iron 
must be entirely ^Svhite’^ as cast; graphite forming as flakes at a 
high temperature cannot be changed to the nodular form.) 
However, reheating of pearlitic malleable or gray cast iron above 
the critical temperatures develops austenite of euteetoidal carlx)n 


^ In many applications, pearlitic malleable cast iron and east steel may be 
used interchangeably, and in these cases, malleable iron enjoys a TOinj^titive 
advantage. \^TiiIe its heat treatment may be mbre expensive, there is a 
l^er cost from : (a) scrap lost in risers and (b) east of removing risers (the 
risem can be knocked off the original white iron eastings with a hammer while 
they must be cut from steel casting). 
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content. This austenite will behave on cooling in a manner 
nearly identical to that of .an eutectoid steel (see Chap. X) ; it mav 
-be quenched to martensite and then tempered, it may be ''aus- 
tempered" to hard but tough bainii^ structures, it may be air- 
cooled to develop a finer pearlite than was originally present, or it 
ma}' be very slowly cooled to effect a more complete graphitiza- 
tion and, consequently, a softer structure. 

There are several cast irons for special applications. A high- 
silicon cast iron (trade name, Duriron) resists sulphuric acid 
attack at all concentrations as well as many other chemicals. 
The martensitic cast iron (Plate XII, Fig. 18) shows particularly 
high resistance to wear and is applicable for many uses in which 
white cast iron or Hadfield manganese steel do not show sufficient 
service life. 


QUESTIONS 

1. What structural characteristics and consequent properties may be 
developed by the use of ** chills” on the treads of freight-car wheels during 
casting of a normally gray iron? 

2. What factors are responsible for the widespread use of cast-iron pipe 
for water or gas conduction? 

3. In what respect might the structure of gray cast iron be considered 
suitable for use as a bearing material? 

4. Gray east-iron brake linings for busses may show cracks after hard ser- 
vice, in which localized frictional heat momentarily raises the surface layer 
to a temperature well above the critical (Ai) point. What would be the 
cause of the localized crack formation, where would the cracks appear in 
relation to the surface structure and tvhat micrographic constituents would 
probably be visible in this zone (refer to Question 6 (h), page 164)? 

5. Compare the normal and optimum mechanical properties of unalloyed 
gray east iron, malleable aast iron, and cast steel. 

6. If ehmmium or molybdenum is added to iron, why is nickel usually 
added also md m somew’hat greater amounts? 

7. Comfmre a nickel-molybdenum cast iron with plain gray iron with 
regard to: (s) machinability, (b) strength, (c) structure, (d) applications. 
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CHAPTER Xin 


MONOTECTICS; SINTERED METAL POWDERS 

There are many binaiy- allo}" systems in which the component 
metals do not show complete mutual solubility in the liquid form. 
Examples of this type include: Fe-Sn, Cu-Pb, Xi-Pb, Cu-Cr^ 
Cu-Co, Cu-Mo, Cu-W, Cu-S, Cu-Se, Cu-Te, Ag-Xi, Ag-W, 
Ag-AIo, Al-Gdj Al-Pb, Zn-Pb, Zn-Bi, etc. In a few of these, such 
as the silver-molybdenum system, the metals seem to show almost 
no liquid solubility. In most of the others, however, the two 
liquid metals show some mutual solubility at temperatures near 
the melting point of the more refractory" constituent and form a 
homogeneous liquid if the temperature is increased to a suffi- 
ciently high value. 


PHASE DIAGRAM 

The silver-nickel phase diagram (Fig. 13, page 2(^), shows two 
horizontal lines, at 960.5°C. (0.5° above the melting point of 
silver) and at 1435°C. ( 17° below the melting point of nickel). At 
960.5°, an a solid solution consisting of almost pure silver (con- 
taining only about 0. 1 per cent of nickel) forms by a peritect ic reac- 
tion between liquid silver and the a^si) phase. The peritectic 
concentration is so near to pure silver in’ eompK>sition that it 
cannot be shown in the figure. At 1435°, a liquid of 95 per cent 
nickel reacts to form a small amount of liquid containing about 
97 per cent silver and a large amount of the phase, contain- 
ing 4 {>er cent silver in solid solution. The reaction, written in 
the form , t • 

Liquid(95^, Ni) liqmd(z% Ni) + of(Xi) 


is called a m<motectic. It consists, e^entiaUy, of a considerable 
change in the composition and proportionate amount of a liquid 
phase, occurring at a constant temperature, as a r^ult of the 

^5 
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rejei'tioii of a r^olid pha«e. Above the moiiotectic horizontal 
there is always a dome-shaped field (not reproduced completelv 
in the figure), and alloys at temperatures and concentration 
within this field consist of two liquid phases. Since there is 
usually a considerable difference in specific gravity of the two 
ii<tiiids, they tend to separate into two liquid layers in a manner 



Fus. 13. — Phase diagram of the silver-nickel alloy system showing a mono- 
teetic horiEonta! at 14;^®C. and a j>eritectic at 960. 5°C. The diagram between 
10 and W) per cent Ni has been omitted since the phasial relations indicated on 
the dia^ain apply throughout this section. 

similar to oil and water. Thus, binary alloys of compositions 
under the ^^dome'^ cannot usually be melted and cast, particu- 
larly in large sections, without serious liquid segregation 'which 
ri^ults in a nonuniform distribution of the ultimate solid phases. 
Alloys of this type are successfully produced by mixing metal 
fKiwders and sintering at a temperature under that of the mono- 
t^tic although this is not the only field of application of powder 
rnei methods). 
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MICROSTRUCTURES i PLATE XIII 

Plate XIII, Fig. 1. Alloy of 60 per cent Ag, 40 per cent Xi; 
X 1,000. Powders of the two metals were mixed in the specified 
proportions, pressed into the desired shape, and then sintered at a 
temperature slightly below the melting point of the silver. Thc^ 
gray irregular shapes represent the original nickel powder, wlnle 
the continuous, dark matrix is the silver phase. (The relative 
areas of a(Ni) and orrAg) shown in this small section are not 
representative.) Slow cooling from the sintering tempera! iin‘ 
permitted nickel, which had dissolved (up to 0.1 per cent) in the 
silver, to precipitate as the a phase and caused the silver-rich 
phase to appear dark except for light areas adjacent to the nickel; 
here nucleation for precipitation was furnished by the nickel 
particles (an effect discuased in several previous sections, e.g,^ 
abnormal steel structures) . 

Plate XIII, Fig. 2. Alloy of 60 per cent Ag, 40 per cent Xi; 
rolled; X 1,000. The continuous ductile silver matrix of the 
pre\dous specimen permitted the specimen to be rolled, after 
which it was reheated to the sintering temperature and rapidly 
cooled. This micrograph of a section transverse to the rolling 
direction shows much less than the expected amount of nickel, 
perhaps because of segregation Faulting from inadequate mixing 
of the powders. The harder, gray nickel particles stand in relief 
while the annealing tmns in the silver matrix are evidence of the 
working and heating. The piimaiy purpose of rolling the original 
sintered aggregate was to eliminate porosity and attain a sound, 
dense structure. 

Plate XIII, Fig. 3. Alloy of 60 per cent Ag, 40 per cent Mo; 
X 1,000. Powdered metals of these tw^o components were mixed, 
pressed, sintered, rolled, and resintered. In this system, there is 
practically no mutual liquid solubility. The silver again forms a 
continuous ductile matrix phase which permitted the sintered 
compact to be rolled without breaking. Twins in the silver phase 
again are evidence of the deformation and subsequent reheating. 
In addition, the elongated stringers of the gray molybdenum 

^ The photomicrographs in this section, together with pertinent informa- 
tion regarding preparation of the specimens, were supplied by Profe^r 
G. J. Comstock of the Stevens Institute of Technology. 
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phase are e\'ide 2 ice of deformation {cf, slag stringers in wrought 
iron, page 17). 

Plate XIIIj Fig. 4. Alloy of 94 per cent tungsten carbide*. 
6 per cent cobalt; X 2,000. Powders of the carbide (dark gray; 
and cobalt (light matrix) w^ere mixed by grinding together in a 
ball mill for many hours. After grinding, the e.xternal shape of 
the carbide particles is quite different from that shown here; the 
milling of the brittle carbide resulted in a form characteristic of 
such materials, with little e\ddence of cr^^stallinity. The milled 
powder mixture w^as then pressed to approximate final shape and 
sintered in a hydrogen atmosphere at a temperature above the 
melting point of the cobalt but below that of the carbide. There 
were too many of the solid, interlocking carbide particles for any 
“floating” segregation to occur, but the liquid cobalt phase dis- 
solved tungsten carbide to an amount of about 18 per cent of its 
own weight (thus, the proportion was about 93 per cent solid 
carbide and 7 per cent liquid). On cooling, most of the carbide 
which was dissolved in the liquid cobalt precipitated on the 
undissolved carbides already present (again, preferred nucleation) 
and left the final particles in this characteristic cr\^stalline form. 

Plate XIII, Fig. 5. Sintered carbon steel; X 1,000. Carbur- 
ized iron powder was compacted at 50,000 p.s.i., sintered 1 hr. 
at 1120®C. (2050°F.), and slowly cooled. The structure is that 
of an annealed steel containing about 0.30 per cent carbon; it 
shows ferrite and coai'se pearlite. In addition, a few oxides are 
\Tsible and some small pores. 

Plate XIII, Fig. 6. Diffusion of Zn into Cu powder; Xl,(K)0. 
Zinc and copper powders were heated together (without pressing) 
at a temperature at which no melting occurred and the l<x^ 
powders did not sinter. The large particle shows a core of cop- 
per, a narrow zone of a. and a wide zone of ^ hrs^. Small par- 
ticles in this field have been completely converted to the p ph^e. 
All of these structures resulted from an inward diffusion of zinc, in 
the form of a vapor, from the surface of the copper particles. 

PROPERTIES AND APPLICATIONS 

The silver-nickel and silver-molybdenum alloys shown here 
cannot be produced with the proper distribution of the tw^o ph^es 
except by powder metallurgical methods. The alloys have 
particular application as contact materials in electrical circuit 
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breakers and other similar uses. The silver, euii-tituting the 
continuous phase, has a very high electrical conductivity and is 
present in amounts sufficient to prevent heating of the contacts 
under closed circuit conditions. At the same time, the silver 
areas are so small that, even though they fuse in spots, the 
contact-opening mechanism can readily break these small fused 
areas. The second phase of a refractory metal prevents fusion of 
large areas under the action of an accidental electrical arc. 

The tungsten carbide material represents another specific 
structure that cannot be obtained by ordinary melting and cast- 
ing procedures. This alloy can be melted and cast without 
segregation, but the brittle tungsten carbide phase solidifies to 
form a continuous stmcture. Thus, the aggregate is too brittle 
to be used in the cast form and the structure cannot be hot- 
worked or modified by heat treatment. WTien powders are mixed 
and sintered, the cohalt forms a practically continuous structure 
enveloping each carbide particle. It is possible to modify the 
thermal conducti\ity and other properties of the sintered carbides 
by altering the amount or composition of the matrix cobalt. 
Other sintered carbides than tungsten have been produced by 
similar techniques and successfully employed as cutting tools 
{cf. page 189). 

The other structures reproduced here are of alloys customarily 
prepared by normal metallurgical methods. However, powdered 
iron (sometimes in a slightly carburized condition) is being proc- 
essed by pressing and sintering to make gears and other similar 
parts. The basis of this application is purdy economic ; powder 
methods can produce a large number of articles to a close dimen- 
sional tolerance at a low unit cost if the metal powders are not too 
expensive. The additional cost of metal in a powdered form and 
of pressing and sintering equipment may frequently be more than 
offset by the sa\’ing in the gross weight of metal and the tmis of 
removing excess by machining of forgings or csbstings. 

While brass is ordinarily cast or wrought, the micrograph show- 
ing diffusion of zinc into copper particles is illustrative of the 
diffusion process, occurring during sintering, which converts pure 
metal powders into alloyed aggregates. Powdered copper-b^e 
alloys were mentioned on page 70 as being of importance in the 
field of bearings, and, in this application, structure can be 
obtained with a d^ee of porosity greater than any foundry' can 
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produce. Of coui-se, the important aspect is a controlled disper- 
sion of porosity for soaking up oil mthout having large areas mth 
no supporting metal underneath. The spot-welding industrj- 
owes its economic usefulness very largely to the development of a 
copper-molybdenum alloy, necessarily produced from powders, 
for tips on the contact electrodes. As in the silver-molybdenum 
alloy, the copper is continuous and supplies the required con- 
ducthity while the refractory molybdenum prevents the material 
being welded from fusing to the electrodes with an associated 
sticking, tearing, and necessity for frequent tip-redressing. 

Finally, it is possible to produce from powders aggregates of 
metals and nonmetals, such as asbestos, to meet specific sendee 
requirements not attainable otherwise. It is not within the scope 
of this book to discuss all of these possibilities or to dwell on the 
a<‘tual forming and sintering methods employed in producing the 
structures. The,;jjize and shape of the original metal-powder 
particle, the pressing temperature and pressure, the sintering 
temperature and time, are all factors affecting the final density 
and structure and are subjects of active experimentation. It is 
sufficient to say here that, under optimum conditions, dispersions 
of two or more phases can be created in a form not attainable by 
normal methods of casting, working, and heat-treating. Conse- 
quently the abrogates may have unusual and very valuable 
propertia for specific applications. However, the structures are 
still amenable to reasoning based on phasial relationships, 
deformational characteristics, etc., as covered in this book. 
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GENERALIZATIONS 


Xonferrous metals differ among themselves, as well as from 
irons and steels, in their response to alloying and to mechanical 
and thermal treatments. However, the differences are essen- 
tially in the degree, not in the kind, of reactions encountered; all 
metals and alloys have been found to follow the same general 
pattern of behavior. Variations in the details of the pattern are 
shown to a considerable e.xtent by the specific alloy phase dia- 
grams although, it should be emphasized, these deal with the 
constitutional or phasial relationships and not 'directly with struc- 
tures. Structures may be varied, by mechanical or thermal 
treatments, without disturbing the phasial equilibrium in a 
chemical sense {e.g., cold-working, or spheroidization of carbides 
in a steel). In other cases, a high-temperature treatment may 
be required to change the number or kind of phases present, in 
order to obtain a new and controlled distribution of these phases. 
The constitutional diagrams are highly useful in disclosing the 
basic structural elements available, as a function of the alloy 
composition, and frequently are useful in realizing the potential 
values of the alloy. 

BINARY PHASE DIAGRAMS 

1. Between two separate single-phase fields, there is alw'ays a 
region, in concentration and temperature, of alloys containing a 
mixture of the two phases. 

2. At a given temperature T in a two-phase field, the equilib- 
rium composition of each of the two phas^ is given by the inter- 
sections of a horizontal line, drawn at T, with the two-phase field 
boundary lines. By Gibbs’s phase rule, when the temperature of 
an alloy in this field is varied, the composition of each phase is 
automatically fixed. 

3. The relative proportions of the two phas^ for a specific alloy 
at T are given by the lever rule (see page 49). 
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4. At all coinpositions along a horizontal line of the diagram 
three (and only three) phases can coexist. The situation is mc^t 
simply represented by an equation in which the phase meeting 
the horizontal in the form of a notch, somewhere along its length, 
is in equilibrium ^rith the two phases at the ends of the horizontal 
(example: eutectic, Chap. V; peritectic, Chap. VH; eutectoid, 
Chap, yill; monotectic. Chap. XIII). In a binary alloy, the 
coexistence of three phases is possible only at a fixed temperature; 

i.e., the period of their coexistence is indicated by a constant 
temperature on a cooling curve. 

5. Equilibrium conditions may be attained only upon extremely 
slow beating or cooling and, in general, time may approach tem- 
perature in importance when considering metallurgical reactions. 
The phase diagram enables one to predict qualitatively the direc- 
tion of departures from equilibrium encountered in commercial 
alloys. Specific cases are discussed in Chaps. IV to VIII and X. 

MICROSTRUCTITRES 

1. Homogeneous single-phase alloys show a uniform structure 
with grain boundaries (or twins) as the only distinguishable 
detail. In etched nonhomogeneous (cored) solid solutions, the 
dendrites in the cast structure may efface grain boundaries 
(see Chap. IV). 

2. In hypo- or hypereutectic alloys, the eutectic, if present in 
sufficient amounts (usually 5 to 10 per cent of the structure is 
enough), appears as a contitimusj two-phase structure surround- 
ing primaiw" dendrites of the excess phase (Chaps. V, VI, XII). 

3. When a second phase forms in a solid alloy under circum- 
.^tances requiring diffusion, it appears first, or in greatest quanti- 
ties, at grain boundaries of the phase already present, unless the 
alloy is in an unstable or cold-w^orked condition, when nucleation 
may be quite general (Chaps. VI to VIII, X). If formation of 
the new phase does not involve diffusion, as in the martensite 
transformation, nucleation is general throughout the structure. 

4. The orientation of a new solid phase must be crystallo- 
grapMcaBy i^lated to that of its parent solid phase as a result of 
the nee^ity of lattice matching during nucleation of the new 
pha^. When the new structure grows in the form of plates, 

or polyhedra, these form a geometrical pattern which is 
called a Widmanstatten structure. 
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5. Undercooling tends to increase the nucleation rate of a 
reactioHj whether it be a solidification process or the separation of 
one or more new phases from the solid state, with a corresponding 
decrease in grain or particle size. Reactions involving diffusion 
of two elements may be entirely suppressed by rapid cooling with 
the appearance of metastable or transitional phases. The alloy 
concentration of eutectics and euteetoids may be increased, 
decreased, or widened to a range by undercooling. 

6. The structure obtained by heating any alloy to a specific 
temperature T is stable and vill remain unchanged for any lower 
temperature, regardless of the cooling rate, unless the phase 
diagram indicates a change of composition or structure occurring 
between T and room temperature. Thus, a structure may be 
stabilized by heating to a temperature slightly above that encoun- 
tered in service. 

7- Disperse particles of a second phase are subject to growth, 
generally in a spherical form, if heated for long periods of time at 
a high temperature unless (a) the phase is completely insoluble, or 
(6) it is completely soluble, in which case, the particles disappear. 

PROPERTIES 

1. The strength and hardness of metals are increased by: 

a. Decreasing the grain size (effect small, e.xcept for extremely 
fine grains, see Chap, III). 

h. Cold deformation (effect moderately strong, see Chap. III). 

c. Adding another element in solid solution (effect generally 
small but variable for different solute elements and concentrations 
and greatest when the solution is inhomogeneous or cored, 
see Chap. IV). 

d. The presence of a second phase in a moderately coarse form 
(effect moderate, see Chaps. V to YIII). 

e. The presence of a second phase in an extremely fine disper- 
sion (effect ver\^ strong, see Chaps. VI, VII, X). 

2. Ductility properties generally decrease to an extent propor- 
tional to the increase in strength (important exceptions; a few 
solid solutions such as a brass, Chap. IV, certain age-hardenable 
alloys, Chap. VI, and a part of the range of pearlite and hainite 
structure, Chap. X). 

3. In two-phase alloys, the mechanical properti^ (particularly 
plasticity) are basically determined by those of the continuous 
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phase in the structure even though it is present in relatively small 
proportions (for example, hypoeutectic aluminum-silicon and 
aluminum-copper alloys, Chap. VI). A general quantitative law 
has been proposed^ stating that the resistance to deformation of a 
two-phase structure consisting of a plastic matrix and a dLspei-se 
hard constituent \^aries linearlj" vith the logarithm of the average 
length of uninterrupted path through the continuous phase. 

4. Physical as well as mechanical properties are affected by 
structural variations. For example, both thermal and electrical 
conductivities are decreased by addition elements in solid solu- 
tion. When an element is added in amounts exceeding the 
solubility limit, the effect of the second phase appearing in the 
structure vdll depend on the conducthrity of that phase and its 
dispersion; if it has a low conductmty and forms a continuom 
structure, it vrill have an effect disproportionate to the amount 
present. Other physical properties, such as magnetism, are 
frequently more related to atomic structure than to the visible 
rnierostructure. 

5. Corrosion properties are not amenable to many generaliza- 
tions, but one of considerable importance, associated with struc- 
ture, l<: the localized precipitation of a second phase at grain 
boundaries of the matrix solid solution may result in a severe, 
elect roiytic-cell type of corrosion at the boundary areas with a 
considerably more serious diminution in strength properties than 
an equivalent corrosion distributed uniformly over the entire 
surface. 

6. Failure to achieve the expected service life from a metal may 
often be traced to faulty mechanical details rather than to internal 
flaws or improper microstructures. Considerable internal poros- 
ity may be tolerated in a casting if the porosity occurs in areas 
subjected to low stresses, e.g., in the center of a section subjected 
to bending forces. Surface defects, such as scratches, tool marks, 
or intergranular corrc^ion notches,” cause high localized stre^ 
concentrations; if the surface is a very plastic material, such as 
annealed copper or aluminum on Duralumin (Aiclad), localized 
plifitic flow may reduce the stress concentration to the point 
where it is insignificant. An equivalent streas concentration at 

surface of a less plastic material may seriously reduce the 
impact or fatigue strength of the metal even when there is no 
Mppmmnt reduction in the ordinary tensile strength. 

^ QmmhMMM €i ml, A.S,M. Preprint, 1941 . 
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2bS (forgings), 93 
51S (forgings), 93 
Alclad, 83 

Muminum-base phase diagrams, 72, 
74 

Aluminum bronze, 107 
.Aluminum-copper phase diagram, 73 
.Amorphous solid, 28* 

.Vnneai, full, steel, 113, 138 
homogenizing, 51, 55, 58 
process, steel, 113, 138 
solution (age-hardening), 76 
spheroidizing, 138 
stress relief, 35, 40, 138, 171 
subcritical, steel, 138, 166 
.Annealing, defined, 34, 113 
effect on properties, 40, 120 
mechanics of, 34 
twins, 38 

.Atom size, factor in solid solutions, 
63, 74 

.Austerapering, 163 
.Austenite, defined, 112 
grain size, 118, 126, 133, 154, 1^, 
180 

homogenizing, 130, 139 
isothermal transformation of, 140 
residual, 147, 174 
stainless steels, 160 
transformation, effect of composi- 
tion, 148 


9.17 
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Austenite, transformation, grain 
size, 148 

homogeneity, 148 
temperature, 142 
undercooling, 140 
Austenitizing, 138 

B 

Babbitt, bearing metal, 67, 71 
Bainite, 143, 163 
Banded structure, in steels, 129 
Barrett, Geisler and ^lehl, age- 
hardening, 77n. 

Basic open-hearth steel, 124 
Bearing metals, specifications, 70 
Bearings, oilless, 70 
Bessemer steel, 124 
Beta brass, 97, 101 
Beta network, in alpha brass, 105 
Boegehold, effect of oxygen on 
graphitization, l9Zn. 

Boundary migration (grain growth), 
37 ^ 

Boyles, effect of hydrogen on cast 
iron, 193 
Brale indentor, 8 
Brass, addition of lead, 106 
Admiralty, 108 
cartridge (70-30), 29, 42, 107 
for cold-drawing, 107 
for hot-forgings, 107 
hot-'working of, 106 
mechanical properties, variations 
with cold-rolling, 33 
with heat treatment, 42 
Naval, 107 

90-10, cold-roiled, directional 
properti^ of, 34 
pha^ diagram, ^ 
rrf (low), 107 
mme, after ann^fing, 43 
60-^, precipitatbn hardening, 106 
Iree-naachkiing grade, 1% 
62.5-37.5, ^ffnaonle® transfor- 
mation, 100 

65-35, ioiv-ttmperaliire annealing 

of, im 


Brine, quenching-solution effects 
170 

BrinelL hardness test, 8 

Broniewski and Kulesza, strength of 
Cu-Ni alloys, 56n. 

Bronze, commercial [see Bras^ 
(90-10)] 

Bronzes, 97-107 

Burghoff and Bohlen, directional 
properties of brass, 44n. 

Burning of an alloy, 82, 86, 87, 100, 
182 


Calcium, in lead, 70 
Calibration of thermocouples, 2 
Carbides in steel, alloy (Fe,\V,Mo, 
Cr,V)6C in high-speed steel, 
172, 173 

chromium, 139, 161, 167 
columbium, 161 

effect on austenite grain growth, 
133, 172, 180 
granular or globular, 153 
hooked structure, 183 
lamellar (see Pearlite) 
molybdenum, 139, 167 
precipitation 

during austenite transforma- 
tion, 156 

in stainless steel, 153, 161 
during wielding, 161 
titanium, 161, 167 
tungsten, 139, 167, 189, 209, 211 
vanadium, 139, 167 

{See also, Martensite, tem- 
pering of) 

Carbide dispersion, effect on proper- 
ties, 161, 163 
Carboloy, 189 

Carbon diffusion, in austenite (see 
Austenitizing; Carburizing) 
Carbon tool steel, properties, 186 
Carburizing, 121, 183 
Cartridge brass (see Brass, cartridge) 
Case-hardening (see Carburizing; 
Nitriding) 



Cast irons, composition, 191 
damping capacity, 202 
differentiation from steels, 109 
Duriron, 204 

effect of added elements, 192 
gray, properties, 202 
heat treatment of, 203 
malleable, properties of, 203 
martensitic, 200 
mottled, 194 
undercooling, 194 
white, hot-rolling of, 111 
Cementite (see Carbide) 

Chromel, 60 

Cleavage vs. deformation, 23 
Cobalt, high-speed steel, 188 
Cohen, tempering of high-speed 
steel, 17372. 

Cold-working, defined, 27 
commercial fine-grained metals, 28 
contact at grain boundaries, 28 
effect on mechanical properties, 
32, 41 

effect on physical properties, 34 
flow, 28 

resolution of stress, 28 
steel, 45 

Columnar crystals (casting), 54 
of ferrite on decarburized steel, 
185 

Commercially pure metal, 12 
Common high brass (see Brass) 
Conductmty of copper, effect of 
phosphorus, 23 

Cone, induction-hardening, 17071. 
(Constitutional diagram (see Phase 
diagram) 

Conversion of hardness, data, 8 
Cooling curves, 50, 65 
Cooling rates, of alloys, general, 215 
of brasses, 100 

effect of transformation of austen- 
ite, 114, 127, 146-147, 152- 
153 

effect on dendritic structure, 51, 
54 

effect on duralumin (corrosion), 91 
effect on eutectic structure, 70, 88 


Cooling rates, of steel, 146, 147 
Copper, OFHC, 20, 23 
Copper-nickel phase diagram, 48 
Copper-zinc phase diagram, 98 
Coring, 54, 78, 80, 82, 86 
Corrosion resistance, of Armco ingot 
iron, 24 

of copper-nickel alloys, 59 
of magnesium, 24 
of solid solutions, 58, 59 
of zinc, intergranular, 24 
Corse, Bearing Metals,” 7ln. 
Cracks, in Alclad, 84 
in copper, 20 
of high-speed steel, 174 
in martensite, 151 
in weld metal, 178 
Creep, 35, 40 

Critical points, steel, 113, 149, 167 
Crystal, appearance in microspeci- 
mens, 15 
cleavage, 23 
columnar, 54 
defined, 13 
equiaxed, 54 
forms, 14 
fragments, 29 
grain boundaries, 13 
grains, 13 
growth, 13, 37 
lattice, 13 
orientation, 13 
primary, 66, 78 
structure, 13 
Crystallites, 13 

Crystallization of a metal (see 
Fatigue failure) 

Cupping, effect of preferred orienta- 
tion on, 43 

Cupro-nickel alloys, 47, 108 
D 

Davenport, isothermal transforma- 
tion, 148n., 164n. 
Deearburization, 130 
high-speed steel, 188 
nitrided steel, 185 
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Deformability {see Plasticity ) 
Deformation, lines of, 32 
mechanics of, 27 

‘‘Degrowthing” heat treatment, 94 
Dendrites, 49 

Dendritic segregation, 54 ^ 

Dental alloys, age-hardening of, 92 
Die castings, aluminum, 95 
zinc, 24 
Diffusion, 122 

in age-hardening, 77 
Aiclad, 84 

in austenite, 130, 138, 139, 148 
in cored structures, 49, 55 
effect on case-hardening, 121 
in homogenization, 51, 52, 128 
liquid, 67 

reactions involving, 20, 100, 101, 
103, 142 

Directional properties (see Fiber: 
Orientation, preferred) 
of annealed 90-10 Cii-Zn, 34, 43 
Dispersion, mechanical, 73, 89, 125, 
132, 215 

hardening (see Age-hardening'i 
Drawing, of steel (see Tem{>ering of 
steels) 

Duralumin, 76, 82, 93 
Duriron, 204 

E 

Eai^j on drawn cups, 43 
Elastic limit, 9 

Elastic recovery in hardness tests, 8 
Electrical alloys, Ki-base, 60 
El^trieal cunducthdty of solid solu- 
tions, 57 

El^trieal contact materials, 21 1, 212 
Electrolytic polishing, 4 
His and Schumacher, structure of 
m^ietic alloy materials, 62^/. 
Elongation, 9 

EmbritHemeat, burning, 82, 87 
hydrc^n in Cu, 
phosphorus in steel, 136 
t<M>i steefe, IMn, 

Hiaiaxfd crystals, 54 


Equilibrium diagram (see. Phase 
diagram) 

Etchant, 5 

Etching of metallographic speci- 
mens, 5 

Etch markings (in cold-worked 
metals), 32 
Eutectic, defined, 65 
horizontal, 64 

iron-iron carbide (sec Ledeburitc) 
quaternary, 71 
reaction, 65 

rosette structure, 86, 182 
structure, 67 

plasticity related to components, 
70 

ternary, 71 

Eiitectiferous alloys, properties, 69, 
87 

Eutectoid, composition of steel, 114, 
134 

effect of Cr, 176 
effect of Mn, 129 
Eutectoid reaction (diffusion type), 
112, 142 

F 

Failure, intergranular (see Stress- 
corrosion cracking) 

Fatigue failures, 84 
design to avoid, 94 
Ferrite, in cast iron, 191 
defined, 112 

grain size of steel, 128, 136 
Fiber, of rolled and annealed metals, 
44 

in steel, 125, 128 
of wrought iron, 17 
Fink and Freche, correlation of M 
phase diagrams, 75n. 

Firthite, 189 
Flame-hardening, 170 
Flowability (see Plasticity) 

Forging, hot, of steel, 127,, 128 
Foundry pig irons, 191 
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G 

Gauge numbers, Brown and Sharpe, 
45 

Generalizations, microstructures, 214 
phase diagrams, 213 
properties, 215 

Gensamer, et al., properties of prod- 
ucts of austenite transforma- 
tion, 162n. 

Gibbs's phase rule, 64, 75, 213 

Gill, “Tool Steels," ISGrn, 190«, 

Gillett, Russell and Dayton, Bear- 
ing Metals," 71n. 

Grain, boundaries, 13 
^‘oarsening, effect on mechanical 
properties, 41 
equiaxed, 54 
growth, 41 

refinement of steels, 126, 127 
size, austenitic, 126, 148, 180, 182 
determination, 38 
factors affecting, 41, 54 
ferrite, 128 

Graphical data on properties: 

Fig. 3, cold-wmrking and annealing 
of a brass, 41 

Fig. 7, strength properties of 
eutectic systems, 88 

Graphite in cast irons, 191 
nodular {see Temper carbon) 

Gray iron, 191-204 
damping capacity, 202 
economic advantages, 202 
properties, 202 

Greninger and Troiano, crystallo- 
graphy of martensite, 145n. 

Grossman, calculation of hardena- 
bility, 169n. 

Growth of crystals, 37 

Gurry, solubility of carbon in 
austenite, llOn. 

H 

Hadfield austenitic steel, 160 

Ham, Parke and Herzig, transforma- 
tion of high-speed steel, 173n. 


Hanawalt, Xelson and Peloubet, 
corrosion resistance of mag- 
nesium, 2471. 

Hardenability of steel, 148, 168 
Hardening of steel, air-, oil-, and 
water-hardening, 148 
Hardness tests, 7 
Brinell, 8 

effect of elastic recovery, 8 
Rockwell, 8 
scleroscope, 7 
High-speed steel, 171 
Homogenization, Cu-Ni, 55 
Hot shortness, of a brass, 106 
of beryllium, 26 
of copper, 23 
defined, 87 
of gold, 25 
of iron, 25 
Hot-working, 44 

Hume-Rothery, atom-size factor in 
alloys, 74n. 

Hydrogen, in east irons, 193 
in copper, 23 
in steels, 138 
Hypereutectic, 65 
Hypereutectoid steel, 112 
Hypoeutectic, 65 
Hypoeutectoid steel, 112 


Impurities, in aluminum, 25, 78, 82, 
92 

in beryllium, 26 
in copper, 23 
defined, 12 

in duralumin (Alcoa 17S), 82 
effect on annealing process, 41 
in iron and steel, 24, 109 124, 

191-193 

in magnesium, 24 
in nickel, 25 
in zinc, 24 * 

Inclusions, in aluminum, 18 
in cupro-nickel, 51 
oxides in iron and steels, 125 
slag, in wrought iron, 17 
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Induction-hardening, 170 
Ingot iron (Armco), 15, 24, 30 
Insoluble constituents, in deforma- 
tion, IS 

Intermetallic compounds, 72 
Internal stresses, 28, 35, 40, 91, 150 
Interstitial solid solution, 47 
Inverse segregation, 55 
Ion, in corrosion of alloys, 59 
in metal lattice, 14 
Iron carbide, 110 
in pearlite, 152 

in tempered martensite, 152, 153 
Iron-iron carbide phase diagram, 110 
Isotropism, 28 

K 

Kanthal alloys, 60 
Keller’s reagent, 80 
Kempf and Van Horn, stress-relief 
determinations, 40 
Kempf, Hopkins and Ivanso, stresses 
in quenched cylinders, 91n. 
Koster alloys, 61 


Lattice parameter, 57 
Lattice models, relationships: 

Fig- 1, close-packed hexagonal, 15 
Fig. 2, face-centered cubic, 15 
Fig. 9, body-centered cubic (face- 
centered tetragonal), 101 
Fig. 12, face-centered cubic (body- 
centered tetragonal), 144 
L^d in bim^, 106 
la^, 4 

L^d-antimony, properties, 69, 88 
L^d-anthnony alloys, 63 
L^d-antimony pha^ diagmm, 65 
cable, 70 

LeQiatelfeFs principle, 75 
I^eburite, 

163fi. 

rate, 4% 99, 115 
lifpiiim, 4S 


M 

Machinability, of brass, effect of 
lead, 106 

of steel, effect of lead, 122 
sulphite treatment, 25 
heat treatment for, 165, 174 
Macros copy, 5 
Macrostresses, 35 
Macrostructures, cast, 52 
Magnesium, corrosion resistance, 24 
Magnetic alloys, 61 
Malleable iron, 196 
pearlitic, 203 
properties, 203 
^Manganese, in cast iron, 192 
in steel, 25, 130, 133, 136, 148, 167 
^Manganin, 60 
Martensite, black, 152 
effect of residual austenite on 
hardness of, 147 
formation, 144 
in high-speed steel, 173 
microstresses and cracks, 151 
tempering of, 152 
tetragonal, 145, 152 
white, 144, 158 
-Martensitic cast iron, 200 
^Mechanical twins, 18 
Mehl, austenitizing rates, 139n. 
Mehl and Wells, carbon content of 
eutectoid, 114 

Merica, precipitation-hardening, 76, 
77 

]Metal, commercially pure, 12 
defined, 12 
Metallography, 3 
Metalloid, 12 

Metastable boundaries in phase 
diagrams, 48, 50, 66, 80, 100, 
114, 140, 160 
Micrographs, 5 

(See also Microstructures) 
Microscopy, 3~7 
Microstresses, 35 

Microstructur^, aluminum and its 
alloys, A1 -f 8% Cu (No. 12), 

79 
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Microstnictures, aluminum and its 
alloys, A1 -f 4% Cu (Xo. 
195), 80 
burnt, 81 
as cast, 79 
heat-treated, 81 
A1 -r 59c Cu (pure alloy), 85 
precipitate structures, 85 
M + 13% Si (Xo. 47), 79 
Alclad (24ST), 85 
commercially pure, 16 
Duralumin (17S) extruded, 81 
Superdural (24ST), 81 
Babbitt, hard (Sn,Sb,Cu), 68 
brass, alpha, cast, 6 
cold-rolled, 31 
recrystallized, 39 
65-35, O' 102 
60-40, a + ft 102 
structural changes with tem- 
perature, 102 
carbide tool material, 210 
cast iron, alloyed, 201 
Xi-Hard, 201 
Xi-Resist, 201 
Xi-Tensyl, 201 
gray, chill-cast, 199 
high-strength, 201 
ordinary, 199 
malleable, 197 
roll iron, 199 
white, 197 
copper, as-cast, 21 
hot-worked, 21 
OFHC (embrittled), 21 
tough pitch, 21 
cupro-nickel (85-15) 
cast in hot mold, 53 
chill-cast, 53 
homogenized, 53 
iron, Armco, 16 
wrought, 16 

lead antimony, 6 to 50 % Sb, 68 
magnesium crystals, 16 
Muntz metal (see Brass, 60 : 40) 
nickel silver (Cu-Zn-Ni), 53 
powdered-metal alloys, Ag-Ni, 208 
Ag-Mo,^8 


Microstruetures, powdered-m etal 

alloys, Carbide-Co, 210 
steel, 210 

steel, annealed (0.8 to 1.3% C), 
117 

austenitic (18 Cr-8 Xi), 160 
embrittled, 161 
carburized and hardened, 183 
casting, defective, 130 
heat treated, 130 
high-speed, burnt, 181 

carbide envelopes, 181, 183 
hardened, 181 
hardened and drawn, 181 
overhardened, 181 
machinability, pearlitic S.A.E. 
3140, 177 

spheroidized S.A.E. 3140, 177 
martensite, 159 

nitrided, age-hardening type, 
183 

on decar burized surface, 183 
normalized hypoeutectoid-car- 
bon grades, 117 

razor-blade grade, isothermal- 
transformation series, 155, 157 
S.A.E. 1070-tempermg-of-niar- 
tensite series, 159 
S.A.E. 3140 (defective weld), 
179 

S.A.E. 4335, hardened structure, 
177 

S.A.E. 52100 overhardened and 
properly hardened, 177 
sorbite, 159 
spheroidite, 159 
stainless, 18-8, 155 
stainless, 21-12, welded, 179 
structural grades: 

low alloy, high strength, 130 
low carbon, 130 
JMn-V, 130 
rail steel, 130 
hlishima alloys, 61 
Modulus of elasticity, 10 
Molybdenum, in alloy steels, in high- 
speed steel, 171, 188 
Monotectics, 205 
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Mottled cast iron, 192 
Muntz metal (see Brass, 60-40) 

N 

Naval brass, 107 

N.E. (National Emergency) steels, 
120, 185 

Nead, properties of carbon steels, 
120n. 

Nichrome, 60 
Nickel silver, 53 
Ki-Hard cast iron, 200 
Ki-Resist cast iron, 200 
Ki-Tensyl cast iron, 200 
Nital etch, lion. 

Kitriding, 183 

Nix and Shockley, ordered solid 
solutions, 59n. 

Nodular graphite, 196 
Nonequilibrium (see Metastable) 
Normal segregation, 54 
Normalizing, 113, 119 
Notches, localized surface, 216 
Nuclei, precipitation, 86, 214 
preferred, 156, 168, 195, 207 
recrystallization, 36 
solidification, 54, 198, 215 
transformation, 126, 168, 214 

0 

Oil-hardening steel, 148 
Oilier bearings, 70 
Ordered solid solution, 58, 98 
Orientation of crystals, 13 
prefer!^ 34, 43 
Overfed alloys, 77,89 
Owen and Pickup, parameter data 
for Cu-Ni alloys, 56n. 

Oxide coating of aluminum alloysj 95 
Oxnte, in copper, 23 
m st^l, 


Mmsr and Smith, directional prop- 
mMm of br^, 44f». 


Particle size, general effect, in age- 
hardened alloys, 77, 89 
in eutectics, 67, 88 
in tempered martensite, 152 
Pearlite, in cast iron, 202 
composition, effect of metastabii- 
ity, 114 

formation of (see Austenite, trans- 
formation) 
spheroidization, 166 
Pearlitic malleable iron, 203 
Peritectic reaction, 99 
Permalloy, 61 
Perminvars, 61 
Phase, stable, 77 
transition, 77, 113, 215 
Phase diagram, XI, 47, 213 
aluminum-copper (Fig. 6), 73 
aluminum-base alloys, 74 
copper-nickel (Fig. 4), 48 
copper-zinc (Fig* 8), 98 
determination of diagrams, eutec- 
tics, 65 
liquidus, 48 
solidus, 50 
solvus, 64 

iron-iron carbide (Fig, 10), 110 
designation of lines, 113 
lead-antimony (Fig. 5), 65 
line designations, 48, 63, 65 
liquidus and solidus, 48 
solvus, 63, 64, 75 
silver-nickel (Fig. 13), 206 
Phosphorus, in cast iron, 193 
in copper, 23 

in steel, 124, 130, 131, 136 
Picral etch, 116w. 

Plasticity, 22, 27 
Polishing, metallographic, 3 
Powdered-metal alloys, 206, 209 
Precipitation from solid solution 
(see Age-hardening) 

Preferred orientation, 34, 42 
Primary crystals, 66, 78 
Properties of metals, general, 12 
Property changes (see Graphical 
data on properties) 
annealing, 40 
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Property changes, cold-working, 32 
effect of solute concentration, 55, 
56, 57 

homogenizing, 58 
of steels, summary of relations to 
structures, 163 

variation with temperature, 22 
Proportional limit, 9 
Pyrometry, 1 

Q 

Quenching, interrupted, 174 
Quenching rates and baths, 169 
Quenching stresses, in aluminum 
alloys, 91 
in steels, 149, 174 

R 

Ramsey and Graper, sulphite treat- 
ment of steel, 25 
Recalescence, 146, 149 
Recovery range, 40, 97 
Recrystallization, 36 
range, 36, 40 

temperatures, factors affecting, 41 
Reduction in area, 10 
Residual stresses, 28 
Resistivity, electrical, of age-hard- 
ening alloys, 64 
of solid solutions, 57 
Rhines and Anderson, embrittle- 
ment of copper, 20n. 

Rockwell hardness test, 8 
Rosette eutectic structure, 86, 182 

S 

S curve of austenite transformation 
(Fig. 11), 141, 172 
effect of allowing elements, 148, 
168 

relation to cooling mediimi, 146 
^chs and Van Horn, hot-shortness, 
87 

precipitation-hardening, 96n. 
str^ measurements, 151n. 


Scalping of ingots, 20 
Scleroscope hardness test, 7 
Season-cracking, 35 
Secondary hardness, high-speed steel, 
173 

Segregation, in austenite (see Banded 
structure) 

dendritic, inverse and normal, 54 
Semihigh-speed steel, 187 
Semisteel, 111, 203 
Shear cracks, 84 
Shrinkage cavities, 52 
Silicon, in cast iron, 191 
Silicon bronze, 107 
Silumin, Al-Si alloy, 94 
Skelp, 125 

SHp process, in crystals, 27, 28, 30 
Smith and Mehl, bainite structure, 
144 / 2 ,. 

Snyder’s reagent, 180 
Solid solution, complete, interstitial 
substitutional, 47 
ordered, 58 

Solidification (see Crystal, growth) 
Solidus line, 48, 50 
Solidus, metastable, 48, 50, 61, 66, 
80, 114 
Solute, 47 

concentration, effect on properties 
of solid-solution alloys, 55-57 
Solution anneal (solution heat treat- 
ment), 80 
Solvent, 47 
Solvus line, 63 
determination of, 64 
Sorbite, 146, 152, 160 
Spalling, from nitriding on decarbur- 
ized surface, 185 
from residual stresses, 150 
Spheroidite, 152, 160 
Split transformation, 147 
Stabilization of structure, 215 
Stainless steel, 153, 160 

18-8 (Nos. 304, 321, 347), 161 
intergranular corrosion, 161 
Steadite, 196, 198 
Steel, acid Bessemer, 124 
air-hardening, 148, 187 
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Steel, alloy, defined, 132 
alloy castings, specifications, 134 
alloying elements {see Alloying 
elements, in steel) 
handed* structure, 130 
basic electric, 124 
basic open-hearth, 124 
carbide precipitation in 18-8 stain- 
less, 153, 161 

carbon tool, properties, 186 
cobalt high-speed, 188 
cold-working, 45 
deep drawing, age-hardening, 92 
dies, 187 

hardening of {see Austenite, trans- 
formation) 

Hadfield austenitic, 160 
heat treatments of, 138, 165 
high-speed, 171, 1^, 188 
highly alloyed, 187 
intermediate-alloy, 187 
low-alloy, 133, 136, 186 
machinability, 165, 166 
manganese, 133, 160 
mechanical properties, annealed, 
120 

hot^rolled, 120 
oil-hardening, 148, 187 
oxidation-resistant, 178 
quenching stresses {see Austenite, 
transformation ) 
residual elements, 109, 124 
secondary hardness, 173 
^mihigh-speed, 187 
silicon, 61, 133 

structure vs. properti^, 161, 163 
Steinman, stmctnral steels for 
bridge, 133». 

Stelile, 60 , im 

Straitening, of quenched high- 
spe^ 174 
Strain^ 0 

St»ii hju'demng, 27, 32 
Stmin marking^, 32 
Str^s, 0 

i^sdual, or internal, 35, 40, 01, 
150 ' 


Stress-corrosion cracking, 35, 151 
Stress-relief anneal, 35, 40 
Structural steels, 128, 130, 133, 134 
Substitutional solid solution, 47 
Sulphur, in cast iron, 193 
in steel, 25, 122, 124, 183 
Supercooling, effect on particle size, 
70, 194 

on phase diagram {see Metasta- 
ble) 

Superlattice {see Solid solution, 
ordered) 

Superstructure {see Solid solution, 
ordered) 

Surface flow, during polishing, 3 


Tabular data on mechanical prop- 
erties: 

I, Hypothetical stress-strain 
data, 11 

II. Effect of cold-work for cop- 
per, brass, etc., 33 

HI. Directional property effects 
in cold-worked state, 34 

IV. Effect of annealing of cold- 
worked copper and brass, 42 

V. Directional properties of an- 
nealed 90; 10 brass, 43 

VI. Effect of solute concentra- 
tion in Cu-Ni and Cu-Zn 
alloys, 56 

VII. Atomic size factor for 
aluminum solid solutions, 74 

VIIL Hardness changes on 
aging of Al-5 per cent Cu 
alloy, 90 

IX. Properties of heat treated 
a-i3 brasses, 106 

X. Effect of carbon content for 

• annealed steels, 120 

XI. Properties of austenitic 
transformation structures, 
162 

Hardness of high-speed steels, 
173 
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Temper, of brass mill products, 
designation of, 45 

Temper carbon, in malleable iron, 
196 

Tempering of steel, 151 
high-speed, 173 
Tensile tests, 9 

properties {see Graphical data on 
properties) 

Terminal solid solutions (alpha 
phases), 47 
Ternary alloys, 67 
Texture {see Fiber; Orientation, 
preferred) 

Thermal diffusion treatment {see 
Homogenization) 

Thermocouple, 1 

Theta {&) phase (CuAla in .\1-Cu 
alloys), 72, 73 
Tin sweat, 55 

Torsion t^t, of tool steels, 186 
Transition phase, 77, 113, 215 
Troostite, ‘‘primary” (fine pearlite), 
143, 146, 155 

from tempered martensite, 152, 
159 

Twins, annealing, 38 
mechanical, 18 

U 

Undercooling, 114, 142, 194, 215 


V 

Vegard’s law, 57 
Vickers hardness test, 10 
Vilella, “ Metallographic Tech- 
nique,” 11 

W 

Welding, 171, 176, 178 
White cast iron, 194 
Widmanstatten structure, 86, 103, 
111, 214 

Woldman, machinability of steels, 
1667 ^. 

Wood’s metal, 71 
Wormy steel structure, 166 

X 

X rays, parameter measurements, 64 
stress measurements, 150 


Yield point, 9 
Yield strength, 9 
Young's modulus, 10 

Z 

Zinc, 24 



